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The last paper of this group reports a biochemical analysis of a genetically 
determined eloctrophoretic variant of the A sub-unit of lactic dohydrogenaso 
in the deer mouse maniculatus)0 
The third group of papers is concerned with the chemical induction of 
mutations in the mouse. The first two papers present ovidenc ~ that 
triethylenemelamine (T) which is knoun to be highly efficient at broakin 
mouse chromosomes, causes X chromosome losses and deletions and specific locus 
mutations in the male post-niciotic germ cello and that, at much higher doses, 
it can also induce specific locus mutations in spormatogonia0 In a subsequent 
paper, ethyl methanesuiphonate (EMS) is also shown to be capable of inducing 
chromosome breakage events in the male poet-meiotic germ colic but, .n the 
next paper, data are presented uhich thou that neither Ti 	are 
efficient at causinc chromosorie aberrations in the cpermatooniai stos ce110 
The final three apero report negative results of mutaenicity toots u;on 
three chemicals to which man is chronically ox:)osodo 
corT;ms 
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sUIfRY 
Uith a single exception, the publications presented in this thesis 
are concerned with genetic, cytogenetic and mutation studies in the 
house riousè (hus iziusculus); the one exception reports a genetic and 
biochemical study in the deer mouse (Peroyscismaniculatu.$). They 
are arranged in three groups: The first group is primarily concerned 
with the subject of X chromosome inactivation; it comprises a series 
of papers upon one particular Lautosome translocation and also one 
upon the 39'=chromosome, XO female. The second group consists of 
reports on a variety of genic and chromosomal disorders 9 and the 
Peror,yscus study is included in this group. The third group presents 
papers which are concerned with the chemical induction of mutation0 
GROUP I 
Paper No,. 1 describes the occurrence and inheritance of the 
X-autosome trarislocation referred to in subsequent papers of this 
group0 This study demonstrated how the variegated phenotype 9 
associated with the translocation 9 could be interpreted in terms of 
the inactive-X hypothesis but also showed how the variegation was 
analogous to that of the Vtype position effects described in 
Drosophila. Paper No. 6 provides further information on the 
translocation; it presents linkage test data which indicated that 
the position of the breakpoint in the X lay near the centre of the 
linkage group. Paper No. 3 constitutes a brief report of an experiment 
which demonstrated that the amount of variegation expressed by 
translocation heterozygotes was under genetic control. This paper also 
describes data which suggested that the autosomal gene studied was 
not always inactivated when the rearranged X was inactivated. A full 
El 
account of the work indicating genetic control of the translocation-
induced variegation is given in 1aper £o0 9° The results sugested 
that the control operated upon the observed variation in the spread 
of the inactivating properties of the X into the attached autosomal 
region (the spreading effect); the data seemed inconsistent with 
the interpretation that the control operated by biasing the randomness 
of X-inactivation or by favouring one or other cell type differentiated 
by 11-inactivation0 
Paper No0 5 reports an investigation into the inheritance of 
the genetic control of the translocationinduced variegation. This 
provided definitive evidence that a single factor was responsible 
and that this was located in the rearranged X chromosome itself. It 
was proposed that the factor was the postulated L-inactivation centre - 
the site on the X responsible for X=inactivation Iore detailed 
evidence demonstrating the inheritance of the controlling factor 
is given in Paper NOo lO Attention was drawn to the fact that the 
variegated phenotypes of translocation heterozygotes were not found 
to be modified by the substitution of normal X chromosomes of 
different origins. This was taken as strong evidence that the control 
operated within the rearranged X. The paper also describes the 
transmission of the controlling factor within the trcmnslocation lines 
through sovora]. generations. The findings suggested that changes in 
the factor could occur by a process independent of meiotic crossing 
over. It was proposed that the control system operating in the mouse 
X chromosome was analogous to the controlling clement systems 
described in maize. Paper i!o 0 k constitues a brief report on some of 
this work. 
Evidence that the variegation expressed for all autosomal coat 
colour genes translocated to the X is subject to genetic control by 
the element is presented in Paper No. 8. From this finding and a 
knowledge of the nature of the translocation it was deduced that both 
parts of the X divided by rearrangement were subject to inactivation. 
Paper No. U introduces data which indicated that the controlling 
element system is not the only modifying influence upon the translocation-
induced variegation. The variegation was proven to be subject to a 
parental influence. 
A major step towards the understanding of the controlling element 
system is made in Paper No. 13. This paper presents evidence which 
established that the element modifies the heterozygous phenotypes 
of X-linked genes in the same manner as it modifies the translocation-
induced variegation. It was proposed that the element was indeed 
responsible for X-inactivation and that the control operated upon 
the degree ç, or completeness of X.inactivation. Paper No. 7 
constitutes a brief report on an early part of this work* The 
frequency and nature of the changes that occur in the controlling 
element carried in the rearranged X chromosomes is the subject of 
Paper No. 12. This study demonstrated that q under the conditions 
of test s, meiotic crossing over was the mechanism of change. The 
result provided an estimate of the location of the element in the 
X chromosome, and further demonstrated that the one element was 
responsible for the control of the translocation-induced variegation 
and also of the heterozygous phenotypes of the X.linked genes 
investigated. 
The last paper of the series (No.14) sheds new light on the 
controlling element system. It presents data which demonstrated 
differences between normal X chromosomes in their ability to modify 
the heterozygous phenotypes of Llinked genes, This permitted the 
e'itical test of whether or not the substitution of known differing 
norma]. X chromosomes in the Xautosome translocatioa heterozygote 
could modify the translocationinduced variegation. The results 
indicated that such a substitution could have an effect. This 
established with certainty that, at least for the normal X chromosomes 
tested, the control operated either by biasing the randomness of 
X-inactivation or by permitting selection to operate upon the two cell 
populations differentiated by Xinactivation. It was considered 
probable that the same mechanism operated in the controlling element 
system detected with the use of the translocation and also in all 
other cases of Xlinked control of the heterozygous phenotypes of 
X.linked genes. 
One other paper remains in this group (No. 2). It concerns 
a study of the viability and growth of the 39'chromosome 9 XO female 
mouse. The results indicated that although there was a marked 
shortage of XO daughters among the progeny of XO feniales 9 this did 
not appear to result from a pro or post implantation embryonic 
loss. A preferential segregation of the chromosome set lacking 
an X to the polar body was proposed to account for the obserted 
shortage0 The data supported the concept that only one X is necessary 
for normal female mouse development, as postulated by the inactive-X 
hypothesiso 
GROUP II 
The first report of the41-chromosome, XXI condition in the mouse 
iL3 Gjvo,,j in 	iOo 15o 161vo ouch Qnic10 co decxibodo Ith 
CZQ 	 1c2a1 GnRao o blat storilo. Toy toro dotocte 
o1y ceac they cczriod an 	 molocation (that &ccibed 
in 	Io 1) no a Gonotic Cmz-ZtOY O cmnta Ovktblteol tho vcmriotod 
oritr o the 1otoroyGouo fa1o0 Th000 obc*rvationa alone 
ted on XiY chooeoo conotituton 0 and conffration tao 
obtained tiith citotiç cr0000e oounto of 	[taper £Oo 16 
cciitjtutoo tile fixst ropoot og c3tO1 tvjzomy In the mouzo0 
ThO ani11, a aalo, uas detected only bocaueo of ito cmterilityo 
l crooiee wero counted in mitotic co11e and 20 biva1oltQ 
includina a norial It and Y plue a ezmail univalont uoro found in 
epet cmiotio rotapliaae I coUe Paper £o. 20 deecribea the firet 
and only reported caeo of a 41-ebronocom, ZYY aouroo,in 
btectod in a phnotypical1y nor2a1 czolo only bocaue of ito 
cmtcrility 0 invotiatien revealed a croocmozcm count of 410 
Ividcnco that the otra ckroiiocoao tacm the Y waa obtained primarily 
through the study of ceiotic motaphaco I c1lo Tto identical 
olomente one of tj7hich had to be a Y O uoro found in coot cells and, 
in come cello, pairing btteon the Y and the ortra e1eccmnt wae dotected0 
Paper No. 18 deccribee an 	i,aont the ciicm of tthich tiao to 
detexLno t:bothor the diotributirc pafriat cmochaniarn 0 uhich operatee 
in lenoatox ceioOiE3 also operate a in aa11c16 and is 
a causal factor in the production of anouploidy0 Thia tet done by 
datormininC the eorocition of the X and the T6 tranolocation OQOnG 
the proGony of NO fee2ale mice etoroyGouoJ for T60 Partially tricmonic 
enicalo ucro detected 0 aubotantlating the obcmervcmtion that the T6 
nmar chrocmoeoo in frequently -recent as a univalont in ceiois I 
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Chromosomal imbalance is also the subject of Paper No. 17. 
Thic paper describes an investigation of a morphological and 
behavioural mutant which showed an unusual type of inheritance 
Two factors were found to be involved, one which caused the mutant 
phenotype and another which suppressed it. It was concluded from 
0 
both genetical and cytological data that the most probable cause 
was a translocation both of whose unbalanced products were viable, 
and one of which yielded the mutant phenotype. 
Paper No, 21 describes an autosomally inherited condition 
in the mouse which causes genetic females-to develop as phenotypic 
males. XX males were found to be phenotypically normal with the 
exception 'of small testes, which, in the adult s were devoid of 
germ cells. * . During late betal and early postnatal life, male 
type germs were seen tp be present but these progressively became 
lost, so none remained by 10 days of age. It was also shown that 
X0 males could be produced. In these animals spermatogenesis 
was active, and mature, but abnormal, sperm were produced. No 
evidence of a Y-autosome trans].ocation could be found and it was 
therefore proposed that an autosomal dominant gene mutation was 
responsible for the sex reversal. 
The final paper of this group (No. 19) reports a genetic and 
biochemical analysis of a genetically-determined electrophoretic 
variant of the A.subunit of lactic dehydrogenaso (LDH) in the deer 
mouse. It was shown that the variant was inherited as an autosomal 
codomiziant and that the erithrocyte LDH activity of the homozygous 
variant was intrinsically less active than that of the normal animal, 
GROUP III 
The papers presented in this group follow on from Ph0D work which 
demonstrated the chemical-induction of chromosome breakage in the 
mouse0 The chemical employed was triethylenemelamine (TEr4)0 It was 
shown to be highly effective in causing dominant letha].s and 
translocations in male post-meiotic germ cells. Paper No. 25 
presents evidence that TEM can also induce specific locus mutations 
and X chromosome losses and deletions in this type of germ cell, 
and in Paper No. 24, data are presented which demonstrated that 9 at 
sufficiently high doses, the chemical can also induce specific locus 
mutations in the spermatogonial stem cell. 
The mutagenic ability of ethyl methanesu].phonate (EMS) upon male 
post-meiotic germ cells is the subject of Paper No. 28. It was shown 
that the chemical, like TEN, is highly effective in causing both 
dominant lethals and translocatione. The germ cell stages most 
sensitive to the induction of dominant letba].s were also found to be 
the most sensitive to the induction of translocations. Evidence was 
presented which supported the concept that F1 male sterility, like 
F1 male semi-sterility, has a basis of chromosome breakage. 
Paper No. 27 reports the results of experiments designed to 
determine whether TEN and EMS can induce chromosome aberrations in 
the spermatogonial stem cell Q the cell type that had been found to 
be exceedingly resistant to the induction of specific locus mutations 
by these chemical mutagens. Few aberrations were detected with TEN 
and none with EMS. It was concluded that the spermatogonium is 
resistant to the induction of all classes of genetic damage by these 
agents but that an additional factor may be that some chemically..-
induced translocations are not detectable with the method employed. 
Papers Fos. 22 9 23 and 26 report the results of mutagenicity 
tests upon three chemical-compounds to which large sectors -of the 
human population are chronically exposed. One chemical, caffeine 
(Paper No, 22), was screened for the induction of translocations in 
male postmeiotic germ cells, another, nicotine (Paper 110 - 0 23) was 
screened for an effect upon - the fertility of both the male and 
female, and the third, cyclohexy].amine (Paper No. 26) 9 a' metabolic 
product of cyclamate, was screened both for dominant lethal 
induction in male post-meiotic germ cells and for tranalocatiôns 
induced in spermatogonia0 No evidence of- mutagenicity was obtained 
in any of these tests. - 
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A CHEMICALLY-INDUCED VARIEGATED-TYPE POSITION EFFECT 
IN THE MOUSE 
By 
BRUCE M. CATTANAOH * 
With 3 Figures in the Text 
(Received May 12, 7961) 
Introduction 
It is now a well-established fact that the effect of a gene may be dependent 
upon its position with respect to neighbouring genes. There are many examples 
of this position effect (STURTEVANT 1925) in Drosophila and there is also a similar 
case in Oenothera (see review by LEWIS 1950). Most of the position effects are a 
consequence of rearrangements involving heterochromatic and euchromatic 
regions of chromosomes and result in a type of mosaicism for the effects of genes 
lying close to the breakage point. Such position effects have been denoted as 
variegated—or V-type position effects (Luwis 1950). 
Until recently examples of this phenomenon have been restricted to Droso-
phila, Oenothera, and perhaps also maize (Mo CLINTOCK 1956), but recently a case 
of a V-type position effect has been described in the mouse (RUSSELL and BANG-
HAM 1959). The inheritance of a brown-mottled condition in female mice indicated 
that such animals were heterozygous for a reciprocal translocation between the 
X-chromosome and an autosome (linkage group VIII), the break in the autosome 
being close to the "brown" locus which carried the wild type allele. A similar case 
involving another autosome (linkage group I) was also described. 
In the present paper evidence for a further example of a V-type position effect 
in the mouse will be presented. This case resembles those of RUSSELL and BANG-
HAM (1959) in that a translocation between the X-chromosome and an autosome is 
involved, but differs in several features which make it worthy of particular study. 
Origin and First Crosses 
The first mutant animal appeared in a mutation experiment in which the 
chemical triethylenemelamine (TEM) was employed as the mutagenic agent. 
The specific loci method, described by RUSSELL (1951, 1952, 1956), and CARTER 
et al. (1956) was used for detecting mutations. Treated wild type CBA males 
were crossed with a series of PCT stock females that were homozygous for seven 
recessive genes [non-agouti (a), brown (b), pink-eye (p), chinchilla (c"), short-ear 
(se), dilute (d) and piebald or pied (s)], and the F1  were classified for visible muta-
tions i.e. dominant mutations, or alleles of any of the seven recessives. The dose 
of TEM administered was 0.2 mg TEM/kg body weight. 
The mutant animal, which was a female, appeared in the F 1 of such a cross. 
It was denoted "/lecked" (/d) as its phenotype was that of a white variegated 
pattern on an otherwise wild type coat colour. The animal was conceived eight 
* Medical Research Council Staff. 
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days after TEM had been administered to the father, and thus was derived from a 
spermatozoon that had been mature at the time of treatment. 
The appearance of the variant animal in an F 1  generation suggested that either 
a dominant mutation or a mutant allele of one of the seven recessives in the 
POT stock had been produced. The test-matings, shown diagrammatically in 
Fig. 1, were therefore carried out. 
Cross 1. The original Id female was back-crossed to a wild type OBA male. 
37 offspring (22 Y Y, 15) were produced in seven litters. All were wild type. 
The mutant character cannot therefore be inherited as a dominant, but may be 
allelic with one of the colour genes such as pied (8). 
Cross 2. 15 F2 males were intercrossed with 18 F 2 females, and it was found 
that the variant character reappeared in crosses of 4 males with 8 females. Four 
PC7 	 C8A d (TREA TED) 
Ti 	 flecked 	 C8A 
Ti 	pers 	 de 	pcT 
© 	I 
PCTSS 	flecked 	 flecked 	 PCT 
I 	4 	I  
Fig. 1. Diagrammatical representation of the crosses carried out to determine the mode of 
inheritance of 12 
males proved to be completely sterile. The following information was also ob-
tained. Only females exhibit the character, there was no disturbance of the sex-
ratio, and the character was found in combination with all the recessive genes 
except pink-eye and chinchilla. That is to say, the non-white portions of the 
coat of Id animals never showed the pink-eye or chinchilla phenotypes. 
The results suggest that Id is sex-limited, but that /d is not allelic with pied or 
any of the other genes apart from, possibly, pink-eye and chinchilla. The absence 
of any pCch  /d animals can be partly explained by the fact that pink-eye and chin-
chilla are closely linked [14 crossover units (GREEN and DI0KIE 1959)], and 
together produce an almost white phenotype on which the flecked phenotype 
would not be classifiable. Crossovers between the two genes did, however, occur 
but in no instance was the variant character seen in combination with either gene. 
Some connection between Id and the two genes was therefore suspected. 
Cross 3. 19 F2 males and 8 F2 females were backcrossed to POT animals. Of 
these, two males and four females produced fd daughters. Pink-eye and chinchilla 
segregated in all matings, but no crossovers between the two genes was observed 
among the progeny of those animals which produced Id offspring. 
The results indicate that both pink-eye and chinchilla are associated with the 
occurrence of /d, and that a rearrangement involving the pink-eye and chinchilla 
loci is probably the cause of the lack of crossing over between the two genes. The 
results further show that males as well as females are capable of transmitting the 
character. This means that males with the equivalent genotype to Id females do 
not exhibit the flecked phenotype. 
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Cross 4. Flecked females, obtained in crosses 2 and 3, were backcrossed to 
POT males, and the cross was repeated with the Id daughters that were produced. 
As in the previous crosses, /d was found in combination with all the recessive genes 
except pink-eye and chinchilla, and no crossing over was observed between these 
two genes. The results therefore complement the results of the previous crosses. 
The classification of the progeny of this cross is illustrated in Table 1. Several 
peculiarities are apparent: 
Table 1. The cross of Id females with PCT 	over two generations 
Classification of offspring 
Sex- Av. - 









Dross 4td 	x PCT. 	. 17 48 1:1.11 4.31 51 23 1 	0 37 48 0 
Next gen. fdX PCT 6g. 12 27 1:1 4,66 34 20 0 19 27 0 
Total 1 	29 75 1:1 1 4.44 85 43 0 56 75 0 
There were twice as many /d as pcdl females. 
There were more pcch  than wild type males. 
There were more pcch males than pc females, although the overall sex 
ratio was normal. 
The litter size was low (cf. 65 for POT stock). 
The following hypothesis was set up to explain the observed results, and evi-
dence consistent with the hypothesis has been obtained. The original /d female 
was heterozygous for both pink-eye and chinchilla and either a reciprocal or non-
reciprocal translocation between an autosome (linkage group I) and the X-
chromosome such that a piece of autosome, bearing the wild type alleles of pink-
eye and chinchilla was transposed to the X. In the reciprocal form this may 
be shown diagrammatically as ________  
p CO.
--X . Of the two unbalanced 
Ipc1• 	 x 
zygotes that are produced when this type of animal is crossed with a normal male, 
one is inviable (' 	
deficient for a piece of autosome) while 
the other, bearing the transposed piece of autosome as a duplication, may survive 
/ 	 C" (IPC, 	 D 	 Females of this type with two complete autosomes 
\Iph X) - 
bearing the recessive genes are also fd. Two types of /d females are thus produced, 
the balanced chromosomal type, and the unbalanced chromosomal type with the 
autosomal duplication. The two equivalent types of male are wild type rather 
than flecked and a proportion of them are sterile. 
Genetical Evidence for the Flecked Translocation 
Genetical evidence for the flecked translocation was obtained by: 
Crossing flecked females with albino males and test crossing all the types of 
progeny. 
Crossing flecked females with pink-eye males. 
Testing for linkage between the /d-transposition on the X and sex-linked 
marker genes. 
168 	 BRUCE M. CATTANACH: 
A 1. Flecked /emales x albino males 
Both the pink-eye and the Chinchilla loci have been postulated to be involved 
in the rearrangement. Proof that this was so for the albino/chinchilla locus was 
obtained by crossing Id females with albino (cc) males. The albino males employed 
in this cross were from an inbred stock (JTJ) maintained by Dr. D. S. FALCONER 
of this department. 












Classification of offspring 
Type Type I i Type i Types I Types I Types I Type 
size classi- 
fied fd (c) lid (") I 	cc" 
iv 





I I I +dd  
8 22 1:1.07 5.3 101 12 18 20 0 19 32 0 
The results of the cross are summarised in Table 2. Two types of /d daughters 
were phenotypically distinguishable; one had white markings, while the other 
had markings of the cccl coat colour. The white flecked type could be distin-
guished from the Id mothers by the fact that the hair in the flecked areas was 
pure white, while that of the /d mothers was dark at the base as in pcc4 homo-
zygotes. In addition patches of what appeared to be the ccch heterozygote coat 
colour could often be seen in the Id mothers. All the recessive type progeny, both 
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Fig. 2. The cross of flecked females x albino males. The straight lines represent the autosomes of 
linkage group I and the wavy lines the x-chromosomes 
Fig. 2 diagrammatically illustrates the hypothesis to explain the observed 
results and suggests terminology to classify the various types of animals produced. 
It is to be presumed that the /d female parents might be of two kinds as explained 
above. The two types are therefore shown in the upper and lower parts of the 
table, and it will be seen that they lead to different expected results. 
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The absence of any albino offspring from this cross indicates that Type IV 
animals are inviable. This fact, together with the occurrence of two phenotypic 
classes of /d females, explains the excess of /d over recessive type daughters. 
It can be seen that a 2: 1 ratio of Id to recessive type daughters are expected 
in litters of Type I mothers, but a 1: 1 ratio is expected in litters of Type II mothers. 
It may be presumed that both types of Id mother were represented in the present 
cross. This would account for the number of Id daughters being in excess of the 
recessive type though not being twice as frequent. 
In Fig. 2 both Type I and Type II males have been shown as wild type for 
there is no reason why, if one is wild type i.e. Type 1, the other should not also 
be so. The expected ratio of 2: 1 wild type to recessive type males is then in con-
trast with the observed numbers. This could be explained by reduced viability 
of one or both of the wild type classes, but it would not explain the excess of CCCh 
males over ccOh females, for these should occur in equal numbers. The z2 test of 
equality is 4.9 which has a probability of between 2% and 5%. The excess of 
cc"  males was, however, not observed in later crosses and was probably due to 
chance despite its formal significance. 
The results of this cross are compatible with the hypothesis but do not comple-
tely discriminate between the two types of Id female parents. Tests on the 
progeny of this cross were therefore carried out. 
A 2. Test crosses of the progeny of Id (pcdl)  females 
Only progeny of females which produced at least one Id (c) daughter were 
selected for test because such females are presumed to be of Type I and should 
produce offspring representing all of the different genotypes postulated. 
a) /d (c) females. Eleven /d (c) females were crossed with pc (PCT) males and 
four with cc (J1J) males. The results are recorded in Table 3. 
Table 3. The cross of Type I Id (c) females with pcch males, and the cross of Type I Id (pcch) 
females with otetbred cc males 
5 Classification of offspring 
Tj 
Type Type Type Type 
Type 
I Type Type Phenotype 
of sire 
No. and 
type of 9 
3 Sex- 
ratio at — d birth II III IV and III IV z c•C 
 
111 66 66  
z dd 
pcch (PCT) 12 /d (c) 34 1:1.03 4,59 123 17 (1)* 20 18 0 45 22 0 
cc (JU) 4 td (c) 14 1 	1:0.79 5.0 1 	39 14 9 ? 9 7? 
Total 16 /d (c) 48 1 1:0.95 14.711  162 51 (1)* 	1 27 ? 54 29 ? 
cc (BC) l4fd (pc  ch) 41 1:094 5,12 1 187 29 	1 35 33 0 55 35 0 
* One exceptional female was wild type in phenotype. 
The following points about the results of this cross are important: A good 2: 1 
ratio of /d to recessive type females was obtained, and again phenotypically 
distinguishable /d females were produced. There was an excess of wild type over 
recessive type males, and this may be attributable to the fact that in this cross 
all the mothers were of Type I. Some of the wild type males were noticeably 
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small in size and they frequently did not survive to weaning. This suggests that 
one of the two theoretical classes of wild type males is relatively inviable. No 
pc or cc, but only ccch recessive type offspring were produced when pcch males 
were employed. This indicates that none of the /d (c) mothers were heterozygous 
for pink-eye or chinchilla. The litter size was low and this provides supporting 
evidence for the occurrence of inviable classes. All these points are in accord 
with the hypothesis that the /d (c) mothers are of Type I. 
Table 3 also shows the results of the equivalent cross in the following genera-
tion. Type I Id (pc) females were crossed with cc males from an outbred stock 
(BC), maintained by the author, in order to try and increase the fertility of the 
flecked stock. The data were in close agreement with those of the previous 
generation, but although the litter size was somewhat larger, the proportion of 
wild type males decreased slightly. One exceptional female was produced in this 
type of cross and this will be discussed later. 
/d (cc) females. The /d (ccdi)  females were crossed with either pc' or cc 
males. It was found more convenient to use cc males, for some /d (c(hc h) were 
produced when pcdl  males were employed, and these were difficult to classify 
on certain backgrounds. 
Table 4 records the results of this type of mating. The important points in 
these results are: /d and recessive type females appeared in equal numbers, and 










Classification of offspring 
Type II I Type III ç19 Type II Type III , 
23 54 1 	1:0.76 5.81 274 74 85 23 92 
two phenotypically distinguishable classes of both Id females and recessive type 
males and females were obtained by segregation of the albino and chinchilla alleles 
in the heterozygous mothers. There was an extreme shortage of wild type males 
when classification was done at three weeks of age. The examination of litters at 
an earlier age showed that these males were present in higher numbers at birth, 
but they did not grow as fast as their sibs and many died before they reached 
weaning age. The litter size was larger than that of the /d (c) females, indicating 
that no lethal class was produced. 
These points are in accord with the hypothesis that the /d (cc) females are 
of Type II and are heterozygous for the albino and chinchilla alleles carried on the 
two complete autosomes. It is apparent that the Type II males, which are the 
only type of wild type male produced by Type II females (see Fig. 2), are a rela-
tively inviable class, and this explains the shortage of wild type males from the 
expected numbers in the previous crosses. 
An important point about all the results presented so far is that not one 
crossover between either the pink-eye or the chinchilla locus and the break point 
has yet been detected. 
Recessive type females and males. 15 cc" females and 21 ccdl  males were 
crossed with pc or cc animals. The results are presented in Table 5. At least 
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20 offspring were scored from each cross, and all were of the two recessive types 
expected if the parents possessed the normal chromosome complement and were 
heterozygous for albino and 
chinchilla. These animals there- 
Table 5. The cross of Type III ccch females and males 
with either pcch or cc animals 
forerepresentTypelll of Fig. 2. 
d) Wild type males. The 
wild type sons of both Type I  
and Type II females were 
tested. Fig. 3 diagrammatic-
ally illustrates the expected 
results of the crosses of the two types of wild type males with cc females. It can 
be seen that litters of Type I males can be distinguished from those of Type II 
males by the fact that Type I males produce one inviable class of son. The effect 
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Fig. 3. The cross of flecked-bearing wild type males X albino females. The straight lines represent the 
autosomes and the wavy lines the sex-chromosomes 
can be seen in three ways: Type I males produce only one phenotypic class of 
male offspring, the sex-ratio is abnormal, and the litter size is reduced. 
The results of the crosses are presented in Table 6: they are in agreement with 
the hypothesis set out in Fig. 3. Type I males could be distinguished from 
Table 6. The cross of Type I and Type II males with cc females 
Genotype 













Classification of offspring 
fd 
EE fd Ed Others recessive i recessive 
Typel 79 379 1:0.66 4.8 357 214 4 137 1 1 
TypelI 121 901 1:1.29 7.45 825 350 2 472 1 0 
Type Ilmales by the classification of their litters for litter size and sex-ratio, and 
also by the fact that they produced only one phenotypic class of son. Type I 
daughters of Type I males could also be distinguished by breeding tests. 
Since the two types of wild type male could be distinguished by genetical 
tests, it was possible to show that Type II females produce only Type II sons, 
Sex tested No. tested 
No. 




female . 	- 15 223 7,2 1:1.01 
male 21 323 I 	7.3 1:1.26 
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while Type I females may produce both types of wild type sons. Data to illustrate 
this fact is presented in Table 7. 
A point of note is that although the wild type sons of Type I females were 
taken at random for testing, Type II males were only one third as frequent as 
Type I males. Also, the Type I females produced a number of completely sterile 
sons. This class of male possibly belongs to Type I and represents a more extreme 
case of reduced fertility, for no sterile sons were produced by Type II females. 
In support of this conclusion is the fact that many Type I males become sterile 
after producing only one or two 
Table 7. The classification of the wild type SOnS litters. It would thus appear that 
of Type I and Type II females 	
the fertility of this class of male is 
Type of Wildype 	
Classification of Sons 
Mother 	 very variable, and there is a tendency 
s sons tested Type I Type II Sterile 	for complete sterility to occur. 
36 	22 	7 	7 	 The results in Table 7 therefore 
II 	22 0 22 0 indicate that only about 25% of 
Type II males are viable. This is in 
agreement with the estimate of viability based on the ratio of wild type to 
recessive type males in the litters from which the test animals were selected. 
It is also in agreement with the estimate of viability of Type II males in litters 
of Type II females (see Table 4). 
In order to illustrate the small size of the Type II males at three weeks of age, 
the individuals of some litters of both Type I and Type IT females were weighed. 
The average weights of the different types of offspring are shown in Table 8. It 
can be seen that the average weight of Type II sons of Type II mothers was 
Table 8. The average weights of offspring of crosses of Type I and Type II females 
with cc (BC) males 
Type I 9 9 Typo II 9 9 
Type of  Type III 9 9 Wild Type 5 0 Type III 
Mother No Av. vt. gIns No 
av. Wt. No Av. Wt. 0. Av. Wt. No Av. Wt. gms gins gms gins 
I 26 8.3 22 8.4 23 1 1 	8.9 42 8.7 29 9.9 II - - 42 7.9 43 9.8 13 5.3 42 9.7 
appreciably lower than that of their sibs. His apparent, however, that although 
small Type II males were produced by Type I mothers, the proportion that sur-
vived to three weeks of age was not large enough to lower appreciably the mean 
weight of the compound wild type class. There was an overlap of the weights of 
the "small" and "normal" wild type males, and the two could only be distin-
guished within litters. 
With only nine exceptions all the female progeny of both types of males were 
/d and all the sons were recessive types. The close linkage of the fd-transposition 
with the X-chromosome is good evidence for the theory that the X is involved 
in the translocation. The occurrence of the nine exceptional animals will be dis-
cussed later. 
B. Flecked females x pink-eye males 
The pink-eye as well as the chinchilla locus has been postulated to be involved 
in the rearrangement. This is indicated in Id (pc) females where the flecked 
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markings are the white colour of the pc compound homozygote. The absence 
of crossing over between the two loci in fd animals provides additional evidence. 
Final proof that the pink-eye locus is involved in the translocation was obtained 
by the cross of Id females with pp males. 
The pp males employed were from the RF stock maintained by Mrs. CLAYTON 
of this department. The stock had the pink-eye gene on an otherwise wild type 
CBA background. The Id females used were obtained from the early crosses of Id 
females with pcch males (see Table 1), and 
could have been either of Type I or Type II. Table 9. The cross of females flecked /or 
Table 9 presents the results of crossing both pink-eye and chinchilla with pp males 
six fd females with pp males. A new type 	 Classification of offspring 
of Id female was produced for the flecked f Nies 
markings were of the pink-eye coat colour, 	
em 	a'nd/or w 99 + 	m 6 01 
All the recessive animals were of the pink- 
eye phenotype. The pink-eye locus must 	6 	20 	18 	16 	18 
therefore be affected by the rearrangement. 
An interesting feature about the /d (p) animals was that on the average the 
flecked markings were smaller than those of the /d (c) or Id (cc) animals, 
C. Tests for linkage between the Id-transposition and sex-linked genes 
The cross of /d-bearing males with cc females has provided evidence that the 
Id-transposition is attached to the X-chromosome. It was considered that tests 
for the linkage of /d with sex-linked marker genes would provide conclusive 
proof that the X-chromosome is involved in the translocation, and would localise 
the Id-transposition on the X-chromosome. 
The two sex-linked genes Tabby, (Ta) and Bent-tail (Bn), were selected; 
these are separated by a distance of 11 crossover units (FALCONER 1954). The 
Table 10. The linkage of Id and Ta 
Non-crossovers 	 Crossovers 	 Crossing 
over 
Phenotype 	No. 	Phenotype 	J No. 
fd 138 Ta;'+;/d 2? I 	L43? 
Ta/+; recessive 
type 147 recessive type I 	? I J - 
+Sd 61 Ta dd  I 4.69 
Ta; recessive 
type (36 
140 recessive type 66 5 I 3.45 
results of the linkage tests of Id and Ta are shown in Table 10. The method em-
ployed was to cross Id females with Ta; cc or Ta; cccli  males to obtain Ta/+; Id 
daughters. These were then crossed with cc males and the progeny were scored 
for crossovers. In practice it was found that only three of the four classes of 
offspring could be classified, for the Ta/+ phenotype could not always be distin-
guished on the albino background. In addition some difficulty was encountered 
in classifying Id females with extreme flecked markings for the Ta/+ phenotype. 
This meant that only the males could be accurately scored for crossovers. The 
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results show that /d and Ta are closely linked, the crossover frequency being 
approximately 4%. 
Data for the linkage of /d and Bn, have not yet been obtained, but a few 
preliminary crosses of fd females with Bn males were made to see if any hemi-
zygous Bn females could be produced. This would indicate that the translocation 
was reciprocal in nature, and that Type II animals were deficient for the piece 
of the X-chromosome bearing the Bn locus. No such hemizygous Bn females were 
produced but unfortunately it was not possible in this cross to distinguish pheno-
typically those females which possessed the Id-transposition. It is unlikely, 
however, that the Bn locus is involved in the translocation. 
Cytological Evidence for the Transloeation 
Genetical evidence for the presence of an X-autosome translocation in the 
flecked stock has been obtained by the progeny tests on fd-bearing males, and by 
the linkage of fd with Ta, as explained in the previous sections. Cytological 
confirmation of the translocation was therefore sought as follows. Males bearing 
the Id-transposition were tested by the method described by SLIZYNSKI (AuER-
BACH and SLIZYNSKI 1956; FALCONER, SLIzvicsKI and AUERBACH 1942). The 
examination of meiotic I metaphase plates of both Type I and Type II males 
did not reveal any evidence for the presence of a translocation. No ring-of-four 
structures were seen and 20 bivalents were regularly counted. The analysis of 
pachytene chromosomes by Dr. SLIzYNsIU has, however, provided cytological 
evidence for the attachment of a piece of autosome to the end of the X distal to 
that which associates with the Y. Both genetical and cytological evidence thus 
indicate that a piece of autosome has been transposed to the X. 
Sterile wild type males produced by Type I females were also examined cyto-
logically. Spermatozoa were produced, but the sperm heads showed gross struc-
tural, abnormalities. This was probably the cause of the observed sterility. 
Intercrosses of fd Females and fd-Bearing Males 
An attempt was made to obtain females that were homozygous for the X 
bearing Id-transposition. Type II females were therefore crossed with Type I 
and Type II males. 
Fifty-six offspring were obtained from the intercross of Type II animals. 
Of these 25 were Id females, 8 were wild type males, and 23 were recessive type 
males. All appeared perfectly normal. 22 of the Id females were crossed with cc 
males, and all produced fd and recessive type daughters and wild type and reces-
sive type sons. The appearance of the recessive types indicates that the /d 
mothers possessed a normal X-chromosome, and therefore were not homozygous 
for the transposition. 
The results suggest that females, homozygous for the transposition and with 
two normal autosomes, are inviable. Evidence in support of this conclusion is 
the low average litter size of the intercross mating (3.3), and the excess of males, 
in spite of the fact that the wild type males are of Type II and thus only 25% 
viable. 
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The cross of Type II females with Type I males has to date only yielded one 
litter as a consequence of sterility problems with the Type I males. The mother 
of this litter was genotypically /d (cc) and the father was heterozygous for pink-
eye and chinchilla. The litter contained one exceptional female that was pheno-
typically wild type, one Id (c) female, one /d (cc) female, and two wild type males. 
It is conceivable that the exceptional female is homozygous for the transposition, 
and this may also apply to the /d (c) female for it showed only slight flecked 
markings. 
Both females have been crossed with cc males. The exceptional female pro-
duced 15 /d daughters and 15 wild type sons; the Id (c) female produced 3 fd daugh-
ters and 2 wild type sons. All the daughters were flecked for the albino coat 
colour so it is likely that both females were of Type I. The absence of any reces-
sive type progeny provides supporting evidence that the two females are homo-
zygous for the transposition. It may therefore be that only Type I females homo-
zygous for the transposition are viable, while the Type II homozygotes are 
inviable'. 
Exceptional Animals 
The cross of /d-bearing males with cc females normally produces only /d 
daughters and recessive type sons. Nine exceptional animals appeared in crosses 
of this type. Six of the exceptional animals were recessive type females and two 
were phenotypically Id males. The occurrence of these classes of exceptional 
animals has already been reported (CATTANACH 1960). It was shown that the 
recessive types were matrocinous XO females for they did not possess their 
fathers' id-bearing X-chromosomes, and the males were XXY in chromosomal 
constitution having inherited the /d-bearing X- and Y-chromosomes from their 
fathers. The occurrence of the /d males has been attributed to non-disjunction 
of the X- and Y-chromosomes in the meiotic divisions of their /d-bearing fathers. 
This explanation could also account for the appearance of the recessive type 
females; alternatively the loss of the Y- or Id-bearing X-chromosomes could have 
occurred shortly after fertilisation (see RUSSELL and SAYLORS 1960). 
The ninth exceptional animal produced by a /d-bearing male was a pheno-
typically wild type female. Its phenotype could be explained in two ways: It 
could possess one autosome bearing the wild type alleles of pink-eye and chinchilla 
as a result of a crossover between the fd-transposition and the complete autosome, 
p h ______ pc 
i. e. 	. Alternatively, this exceptional animal could be a patro- 
1 +P 
cinous XO female, for RUSSELL and BANGIIAM (1960) have shown that the varie-
gation caused by one of their position effects is not expressed in XO females. The 
present exceptional animal may therefore have arisen as a consequence of non-
disjunction in the gametogenesis of the mother, or shortly after fertilisation, or 
it could have occurred as a result of the mother herself being an XO female that 
1 Several wild type females have now been produced in the cross of Type II females with 
Type I males and are in the process of being tested genetically. The results to date indicate 
that they are homozygous for the /d-transposition while their Id sibs all appear to be hetero-
zygous for the transposition. It can therefore be concluded that the Id phenotype is not 
expressed in females in which both X-chromosomes carry the transposition. 
Z. Vererb.-Lehre, ]3d. 92 	 12 
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had arisen spontaneously. Chromosome counts of the mother have been carried 
out, using the method of FECHHEIMER (1960) for corneal epithelial tissue, and 
40 chromosomes were regularly counted. The mother was not therefore an XO 
female. Genetical tests on the exceptional female are now in progress, and one 
litter has been produced so far in a cross with a Ta; cc male. The litter consisted 
of three females of which two were Ta/+;/d and one was phenotypically Tab; cc'. 
It is therefore most likely that the exceptional animal represents a further example 
of primary non-disjunction and is a patrocinous XO female. 
One other exceptional female appeared in the cross of a Type I /d(c) female 
with a pcdl  male. This female also was phenotypically wild type. Its occurrence 
could again be explained either by a crossover between Id-transposition and the 
complete autosome, or by primary nondisjunction, this time involving the loss 
of the paternal sex-chromosome. Breeding tests yielded no useful information 
for only one litter was produced and this was eaten at birth. However, mitotic 
chromosome counts on coded slides indicated that the female possessed only 
39 chromosomes. The most likely hypothesis for the occurrence of the exceptional 
animal is, therefore; that it was a matroclinous XO female. It would seem there-
fore that the flecked position effect is analogous to that described by RUSSELL and 
BANGHAM (1960) in so far as variegation is not expressed in XO females. 
An attempt was made to demonstrate that XO females with the fd-trans-
position are wild type by making a cross that should produce this type of female. 
A Type I male was crossed with Ta/O;cc females. To date only one litter of two 
females has been produced. One female was wild type in phenotype and may be 
an XO female with the father's X-chromosome bearing the id-transposition 2 ; the 
other female was of an unexpected phenotype for it was Ta/O;cc rather than Id 
or wild type. The only explanation to account for the appearance of this animal 
is that it, must be a matroclinous XO female, caused by a further incidence of 
non-disjunction. Both females are being further investigated. 
Discussion 
Evidence is presented to show that a mosaic coat colour in the mouse, denoted 
flecked (/d), represents an example of the phenomenon of variegated-type posi-
tion effect. The flecked phenotype is caused by a translocation between an 
autosome (linkage group I) and the X-chromosome. In this respect flecked is 
analogous with the two position effects described by RUSSELL and BANQHAM 
(1959, 1960), and the three cases indicate that the X-chromosome is particularly 
effective in producing this type of phenomenon. 
1 Mitotic chromosome counts have now been carried out on the Ta/O; cc daughter of the 
presumed patroclinous XO female and 39 chromosomes were regularly counted on coded 
slides. It seems safe to conclude that it possessed an XO chromosome constitution and this, 
together with the genetical evidence, indicates that the mother is a patroclmous XO female 
which owes her origin to primary non-disjunction either in the gametogenesis of the mother 
or in the fertilized egg. 
2 The wild type female produced in the cross of a Ta/O ; cc female with a Type I male has 
now been shown to have an XO chromosome constitution and to carry the Id-trans-
position on its single X-chromosome. This provides supporting evidence for the hypothesis 
that a normal as well as a fd-bearing X-chromosome are required for the expression of the 
flecked phenotype. 
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In the present case the rearrangement involves the transposition of a piece 
of autosome, bearing the wild type alleles of the linked genes pink-eye (p) and 
chinchilla (CCii),  to the X-chromosome. Females possessing the translocation and 
which are heteroiygous for either, or both, of the recessive genes exhibit the 
variegated phenotype. Males that possess the same chromosomal constitution 
are wild type. This type of animal is referred to as Type I. 
When Type I animals are crossed with normal animals four types of zygote 
are produced, and two of these have unbalanced chromosomal constitutions. One 
of the chromosomally unbalanced types is deficient for a piece of autosome and 
is inviable. The other possesses two complete autosomes and carries the piece 
of autosome transposed to the X as a duplication. Females of this class are viable, 
and when both their autosomes bear the recessive genes they are flecked in pheno-
type. Males of this class are only partially viable and are wild type. 
Both genetical and cytological evidence in favour of these conclusions have 
been obtained. The complete inviability of one of the zygotic types is indicated 
by the absence of one phenotypic class of offspring in litters of Type I animals and 
the associated low litter size. The viability of Type II females, and hence the 
occurrence of two genotypic classes of Id daughters in litters of Type I females, 
is indicated by the observation that two phenotypic classes are distinguishable in 
suitable crosses, and by the fact twice as many fd females as recessive females are 
produced. Proof that two types of Id females occur was obtained by breeding 
tests. Litters of Type II females differ from those of Type I by the production 
of fd and recessive type daughters in equal numbers, an extreme shortage of wild 
type sons all of which can be shown to be of Type II, and by larger litter sizes. 
Evidence for two types of wild type males in litters of Type I mothers is more 
difficult to obtain for the two classes cannot be accurately distinguished pheno-
typically, and the ratio of wild type to recessive type males is usually short of 
a 2:1 ratio. 
The occurrence of two types of wild type males is, however, indicated pheno-
typically by the size difference within this class in litters of Type I females, but 
proof that two types of males occur was obtained by breeding tests. Type I males 
possess the complete translocation and consequently half their sons obtain the 
deficient autosome and are inviable. Litters of Type I males therefore differ 
from those of Type II by the absence of one phenotypic class of son, an abnormal 
sex-ratio, and by low litter sizes. 
The deviation from a 2: 1 ratio of wild type to recessive males is a consequence 
of the reduced viability of Type II males. Evidence for the poor viability of Type II 
males is clearly demonstrated in litters of Type II females, since these produce 
only one class of wild type son, i. e. Type II. These should be produced in equal 
numbers with the recessive type males, but they are markedly deficient at three 
weeks of age. Small size and a tendency to die at an early age are characteristic 
features of Type II males for only 25-30% survive to three weeks of age. Com-
patible with this observation is the fact that the average litter size of Type II 
females is lower than that of their normal sibs (cf. Tables 4 and 5), and this may 
indicate that some Type II males die prenatally. 
Breeding tests on the progeny of Type I females also indicate the reduced 
viability of Type II males. Type I females should produce Type I and Type II 
12-* 
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Sons in equal numbers, but genetical tests on all the wild type sons produced by 
this class of female is a given period proved that most are of Type I. A proportion 
of these sons were sterile, and as no sterile sons of Type II females have yet been 
found, it was concluded that they represented a more extreme example of the 
reduced fertility of Type I males. If the sterile males are included as being of 
Type I, then four times as many Type I as Type II males are represented at 
maturity. This again indicates that only about 25% of Type II males are viable. 
There is one discrepancy concerning the viability of Type II males. The ob-
served ratio of wild type to recessive type males in the total litters of all Type I 
females is closer to a 2: 1 ratio than would be expected if only 25% of the Type II 
males survive. However, a greater proportion of Type II males may survive with 
supplementary feeding, and there is some evidence that fewer survive in larger 
litters (cf. generations in Table 3). If this is so, then it would be expected that a 
greater proportion would survive in litters of Type I females which produce 
somewhat smaller litters than Type II females (cf. Tables 3 and 4). 
The reduced viability of Type II males may mean that the original translo-
cation was of a reciprocal type. Proof that a piece of autosome was transposed 
to the X-chromosome is provided by the transmission of the flecked character 
from father to daughter, and by the linkage of Id with the sex-linked gene, Ta. 
There is no such direct evidence that a piece of X was reciprocally exchanged in 
the translocation and attached to the autosome, but the difference in viability 
between Type I and Type II males may indicate that this was the case. If Type I 
males possess both reciprocally rearranged chromosomes and thus possess the full 
chromosome complement, then they would be expected to be fully viable, which 
they are. Type II males, on the other hand, would then be deficient for a piece 
of the X-chromosome and their loss of viability would be expected, since it 
is known that the OY chromosome constitution is inviable (WEL5H0N5 and 
RUSSELL 1959). It is most likely therefore that a piece of the X-chromosome 
was rearranged when the original translocation was induced and was probably 
reciprocally exchanged with the Id-transposition. 
Several observations indicate that the rearrangement involves only small 
pieces of the chromosomes. The viability of one of the two unbalanced chromo-
some types indicates that the autosomal duplication does not produce noticeable 
deleterious effects and, as has already been discussed, a deficiency for a piece 
of X could not be very large or it would cause lethality in the male. In addition 
no sign of an association of four could be seen in the cytological preparations. This 
suggests that the transposition is too small to create pairing difficulties between 
the rearranged chromosomes and their homologues. 
The present example of the V.type position effect closely resembles those of 
RUSSELL and BANQIIAM (1959, 1960) but it differs in several features. They are 
similar in that an X-autosome translocation is the cause of each of them, but a 
most important feature which distinguishes the inheritance of flecked is the 
survival of one of the unbalanced chromosome types. Another distinguishing 
factor of flecked is the fertility of most of the males that are heterozygous for the 
translocation. The sterility that occurs in some is not a consequence of a brake-
down of meiosis at pachytene as occurs in RUSSELL and BANGHAM'S mice but is 
due to abnormal sperm production. If the meiotic breakdown in RUSSELL and 
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BANOHAM'S mice is caused by pairing difficulties, then the fertility of fd-bearing 
males may again indicate the small size of the /d transposition. 
A further factor which distinguishes the flecked position effect is that crossing 
over does not appear to occur between the marker genes and the break point on 
the transposition, and the complete autosome. This is especially interesting in 
view of the fact that the position effect concerns two genes, pink-eye and chin-
chilla. The loci of these genes are 14 crossover units apart (GREEN and DICKIE 
1960), but no crossing over was observed to occur between either gene and the 
break point. The absence of crossing over in Id-bearing mice could be explained 
in two ways. It is possible that the break is close to one of the genes and the 
rearrangement suppresses crossing over between the two genes. A more likely 
alternative is that crossing over is prevented by an absence of pairing between 
the normal autosome and the transposition as the cytological data suggests. 
In either case it would seem thet the crossover distance of 14 units represents 
only a small length of actual chromosome. 
It has been observed that /d (pcdz)  animals occasionally show two variegated 
coat colours for, in addition to the white markings of the combined pc 1  genes, 
markings resembling the colour of the CCC  heterozygotes have been found. This 
occurrence could be explained in two ways. If the pink-eye allele is transferred 
to the complete autosome by somatic crossing over, variegation for only the 
chinchilla gene could take place. It is unlikely that this hypothesis is correct, 
however, since meiotic crossing over does not appear to occur. An alternative 
hypothesis is that a spreading effect is operative. The phenomenon of the spread-
ing effect has frequently been observed in Drosophila where it has been found 
that the effect exerted by heterochromatin on genes on a newly adjoining euchro-
matic region of chromosome spreads along the chromosome from the break point 
always affecting first the gene closest to the break point. Thus variegation for 
the gene nearest to the break point may often be seen independently of that of 
the neighbouring genes. 
In /d (pc) animals, the colour of the additional variegated markings was very 
similar to the coat colour of cc' heterozygotes. This suggests that the cd11O  is 
phenotypically like ccdl  and that the albino locus is nearer to the break point 
than the pink-eye locus. The observation that on the average the variegated 
markings of fd (p) animals are smaller than those of /d (c) animals is in agreement 
with this conclusion. The break point and the pink-eye locus thus seem to lie on 
opposite sides of the albino locus. It may be added that the same conclusion 
would be reached on the hypothesis that somatic crossing over is the cause of the 
Cc1h variegation in Id (pcdl&)  females. 
While the spreading effect indicates an analogy between the V-type position 
effects in Drosophila and the mouse, there is at least one difference. In Droso-
phila, these position effects are expressed in both sexes, although the Y-chromo-
some tends to suppress variegation (see review by LEwis 1950). In the mouse, 
however, variegation is normally only expressed in the female. This could be 
attributed to a suppression of variegation by the Y-chromosome, or to the pre-
sence of only one X in the male. The data presented here, together with those of 
RUSSELL and BANGHAM (1960) and CATTANACH (1960), indicate that the number 
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of X-chromosomes is the decisive factor. Thus XO females and XY males possess-
ing the transposition are wild type, and XX females and XXY males with one 
X bearing the transposition are variegated. This difference between Drosophila 
and the mouse may be correlated with the difference in the sex-determining 
systems in the two animals. 
A further difference between the position effects in the mouse and Drosophila 
will emerge if the wild type female or the slightly flecked female produced by the 
cross of a Type II female with a Type I male are proved to be homozygous for 
the /dtransposition 1 . In Drosophila, homozygotes for rearrangements that cause 
V-type position effects tend to show more variegation. It has been suggested 
that this may possibly be due to the closer association of heterochromatin with 
the affected pair of alleles in the homozygotes since pairing of the homologous 
segments of the rearranged chromosomes may be easier (LEWIS 1950). If female 
mice homozygous for the Id-transposition should be non-variegated or show 
reduced variegation, this could be explained on the hypothesis that it is unlikely 
that both rearranged genes in the homozygote will be affected in any one cell. 
On the other hand, it is perhaps of some significance that many of the sex-linked 
genes in the mouse produce mottled phenotypes, and that the mottling is only 
produced when the genes are in the heterozygous condition. In this respect the 
V-type position effects in the mouse closely resemble the sex-linked genes. 
The mottled phenotypes caused by V-type position effects and sex-linked 
genes in the mouse possibly indicate that the function of genes associated with the 
X-chromosome are modified by the proximity of the heterochromatin of the X. 
An alternative explanation for the tendency of sex-linked genes in the mouse 
to give mottled phenotypes has recently been put forward by LYON (1960). She 
postulates that it is the usual and normal thing in the somatic cells of the female 
mouse for one X-chromosome to be inactivated. In a female heterozygous for a 
mutant gene some cells would have the mutant gene active and others the normal, 
and this would result in a mottled phenotype. On this hypothesis cells in which 
the id-bearing X is active will give rise to the wild type coat colour, and those in 
which the normal X is active, the recessive type coat colour. In this manner 
LYON'S hypothesis explains why XX females and XXV males with only one 
X-chromosome bearing the Id-transposition are /d, while XO and XX females and 
XV males whose X's bear the transposition are wild type. With this explanation, 
the variegated phenotypes caused by X-autosome translocations in mice are not 
analogous to the V-Type position effects of Drosophila. However, if the operation 
of a spreading effect correctly explains the occurrence of the two variegated 
colours in /d (pc'") animals, then LYON'S hypothesis does not hold and the two 
phenomena are probably analogous. 
The cytological evidence has indicated that the piece of autosome transposed 
to the X is attached to the end of the X opposite to that which associates with 
the V. Linkage tests are now being carried out with /d and sex-linked marker 
genes. Once /d has been localised with respect to these genes, it should then 
be possible to localise on the linkage map the end of the X that associates 
with the V. 
1 See Footnote 1, p. 175. 
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The linkage of the fd-transposition with the X-chromosome has allowed the 
classification of non-disjunction products among the offspring of /cl-bearing 
males, and nine exceptional animals have been produced. The occurrence of 
phenotypically flecked males and recessive type females has already been repor-
ted, and has been attributed to non-disjunction of the X- and Y-chromosomes in 
the fathers, at least in the cases of the males (CATTANACH 1960). The single wild 
type female which appeared in the same type of cross could not have arisen by 
non-disjunction in the father for it possessed its father's /d-bearing X-chromosome. 
Although mitotic chromosome counts have not yet been carried out, all the 
genetical evidence indicates that it represents an example of primary non-
disjunction and is a patrodinous XO female'. This type of XO female has been 
induced by irradiation shortly after fertilisation (RUSSELL and SAYL0R 1960), 
and the occurrence of three exceptional females has been explained on the hypo-
thesis that they possess only the paternal X-chromosome (MCLANEN 1960, 
CATTANACH 1960). The present example, however, probably represents the first 
substantiated example of a spontaneously occurring patroclinous XO female. 
Summary 
Evidence is presented to show that a chemically induced variegated coat 
colour mutation in the mouse, denoted flecked (Id), is caused by a translocation 
between an autosome and an X-chromosome and represents an example of a 
V-type position effect. Two autosomal genes, pink-eye and chinchilla, are 
affected by the rearrangement. 
The expression of Id is normally limited to females, but studies of the character 
in XO females and XXV males have shown that the determining factor is the 
number of X-chromosomes. 
Two types of fd females occur: one has the complete translocation, and the 
other has an unbalanced chromosome complement possessing the transposed piece 
of autosome as a duplication. Both appear to be fully viable. Two equivalent 
types of fd-bearing males also occur: the balanced type is fully viable but tends 
to be sterile, the unbalanced type is fully fertile but only about 25% are viable. 
The loci of the two affected genes are 14 crossover units apart but crossing-
over between them is suppressed. Cytological studies on fd-bearing males have 
indicated that this may be due to a lack of pairing between the transposition and 
the complete autosome. Observations are described suggesting the operation of a 
spreading effect, which would indicate that the chinchilla locus is nearer to the 
break point than the pink-eye locus. 
Several exceptional animals showing unexpected phenotypes appeared in 
the fd stock. Most of these have been shown to be aneuploid for the sex-chromo-
somes and to have arisen by non-disjunction. 
The position effect has been compared with those of RUSSELL and BANGHAM 
(1959, 1960) in the mouse, and also with those described in Drosophila (LEwis 1950). 
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The inactive-X hypothesis (Lyon, 1961) states that in the normal female mouse only one 
of the two X chromosomes is genetically activein each cell of the body other than the 
germ-cells, and that the choice of which X is to be inactivated occurs at an early stage 
of embryogenesis, and is at random in each cell. The descendants of these cells then 
abide by the decision so that females are mosaics for two lines of cells and may show a 
mosaic phenotype if they are heterozygous for a sex-linked gene. One requisite for the 
validity of this hypothesis is that only one X is necessary for the development of a 
normal female mouse, and evidence substantiating this supposition is the apparent 
normality of XO mice (Weishons & Russell, 1959; Cattanach, 1961a, b). On the other 
hand it has been suggested that XO mice are not fully viable (Russell, Russell & Gower, 
1959), but no data on the comparative viability and growth of XO female mice have yet 
been reported. In the present communication data of this nature, collected in the 
process of setting up an XO stock, are presented and support the hypothesis that only 
one X chromosome is necessary for normal female mouse development. 
The source of the XO animals was a number of exceptional females that occurred in 
the progeny of mice bearing an X-autosome translocation, flecked (Cattanach, 1961b). 
Genetical evidence had indicated that they were deficient for all or part of one X chromo-
some, and counts on mitotic metaphases showed that only thirty-nine chromosomes 
were present. The combined information was taken as evidence that the exceptional 
animals were deficient for a whole X chromosome. 
Over twenty such XO females were used to set up an XO stock, using the sex-linked 
gene, Tabby, as marker. Unfortunately, the original animals were derived from crosses 
involving a random-bred albino stock (BC) and a strain homozygous for seven recessive 
genes (POT) and were thus heterozygous for several genes, the phenotypes of which were 
unsuitable for the classification of Tabby. Crosses were therefore made to the OBA stock 
on which the wild-type, agouti background was most suitable for classifying Tabby in the 
heterozygous condition. The general procedure for the maintenance of the XO stock 
was to cross the XO females to Tabby and CBA males in each alternate generation, the 
Tabby males in later generations being derived from the same type of cross. Data were 
collected from up to six generations of XO females on an increasingly CBA background. 
Theoretically XO, XX, XY and OY offspring of XO mothers should occur with equal 
frequency, except that the OY class can be taken to be inviable (Welshons & Russell, 
1959). Table 1 shows that the number of XO females falls well short of this expectation, 
being only 30-37% as frequent as the XX female class. The cause of the shortage of XO 
females cannot be determined from the data, but a litter size of 5.3 seems rather high 
for a stock in which half the males and one-third of the females die in embryogenesis. 
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Table 1. Analysis of litters of XO females 
Offspring 
Age at XO XX XY XO + XX XO 	Litter 
Mating which scored CT d XY XX size 
±/Ox Ta: 
Total litters at birth (629) 481 131 - 	5.39 
at 3 weeks 150 	411 420 136 037 530 
Litters containing 
XO daughters at 3 weeks 150 	225 254 - - 	6.29 
Ta/O X + : 
Total litters 	at birth 	 (344) 	294 	117 	- 	5.34 
at 3 weeks 64 212 229 121 030 481 
Litters containing 
XO daughters 	at 3 weeks 	64 	87 	81 	- 	- 	527 
One possible explanation for the near normality of the litter size is that there is a prefer-
ential loss of the chromosome sets lacking an X to the polar bodies in the meiotic divi-
sions of the ova, rather than death of the missing classes in embryonic development 
Alternatively, an early loss of inviable embryos may be compensated by the development 
of all individuals of the viable classes, some of which would have been lost in larger, 
normal litters as a result of overcrowding in the uterus. 
A most important point—illustrated by the data in Table 1—is the close agreement 
between the sex ratios as determined at birth and at three weeks of age. Since the 
frequencies of XX females and XY males are essentially the same at three weeks, it can 
be concluded that there is no post-natal preferential loss of the XO class up to this age. 
The XO class is thus as viable as the normal diplo-X class. The full viability of XO 
females in the first few weeks after birth makes it seem unlikely that they might be less 
viable before birth. This might suggest that the shortage of XO females is not due to 
loss in embryonic development. 
Individuals of litters of XO females were weighed at three weeks of age to determine 
the comparative growth rates of the XO and XX classes. Allowance must be made for 
several factors before the weights can be compared. Firstly, there is the influence of litter 
size. By chance alone, XO females are less likely to occur in small litters, in which the 
weights of individual mice should be greater. Data illustrating the validity of this argu-
ment are shown in Tables 1 and 2. XO-bearing litters are consistently larger than the 
average for all litters, and the weights of the individual members are smaller. Compar-
ison of the weights of XO and XX females can thus only be made in XO-bearing litters. 
Secondly, the sex-linked gene, Tabby (Ta), can influence the weight of the offspring in 
several ways. The effects can be determined from the data given in Tables 2 and 3 by the 
comparison of: 
Ta10 versus + /0 female offspring (Table 2) and Ta versus + male offspring 
(Tables 2 and 3)—to determine the influence of Tabby in the hemizygous condition; 
Ta! + daughters of Ta/O mothers versus those of + /0 mothers—to determine the 
influence of Ta in the hemizygous mother on the weight of the offspring (Table 2), 
and 
Ta! + versus + / + in the female offspring—to determine the influence of Ta in the 
heterozygous condition (Table 3). 
If these factors are assumed to influence the weights proportionately and to combine 




Table 2. Weights (at 3 weeks) of offspring of XO females 
Offspring 
XOW 	 xX 	 XYo 
f 	 - 
	 Litter 
Mating 	No. Weight No. 	Weight 	No. 	Weight 
	size 
+ /OW  xTa: 
Total litters 	57 763024 
Litters containing 
XO daughters 	57 763±024 
Expected value a d x 
Ta/Ox +: 
Total litters 	26 685±027 
Litters containing 
XOdaughters 	26 685±027 
Expected value b d x 
130 997±014 	139 l086±015 	572 
77 	971015 	86 	10•61±0•15 	667 
b 	 y 
93 744±013 	99 	599±012 	532 
33 688±015 	37 	565019 	600 
b 	 aby 
x = weight of normal females 
y = weight of normal males 
Proportionate 
Ratio of reduction 
Factor Effect of On weight of weights in weight 
a Ta/O versus +10 XO daughters 079 21% 
a Ta versus + sons 075 25% 
b Ta/O mothers versus 
+/0 mothers offspring 071 29% 
d XO versus XX daughters 099 1% 
Tables 2 and 3, where a is the proportionate effect of factor (a); b that of (b), and c that 
of (c). It was calculated that (a) Tabby reduces the weight of hemizygotes by 21% in 
XO daughters and by 25% in sons of XO mothers (Table 2): this compares well with the 
estimate of 22% in sons of Ta! + mothers (Table 3); (b) Tabby in the hemizygous mothers 
reduces the weight of individuals of their litters by 29% (Table 2), and (c) Tabby in the 
heterozygous condition only has a very slight effect on weight-2% (Table 3). The actual 
Table 3. Weights (at 3 weeks) of offspring of Ta/ + females 
Ta/+ 	 +/+99 	 Ta 	 +SS  
	
No. 	Weight 	No. 	Weight 	No. 	Weight 	No. 	Weight 
30 9•17±0•32 23 935±037 28 764±038 23 981±037 
c.x 	 x 	 a.y 	 y 
x = weight of normal females 
y = weight of normal males 
Proportionate 
Ratio of 	reduction 
Factor 	 Effect of 	On weight of 	weights in weight 
a Ta versus + sons 	 078 	 22% 
c 	Ta/+ versus +1+ 	daughters 	 098 2% 
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difference in weight between Ta/ + and + I + offspring was far from significant 
M,=0-787). This information is critical for the determination of the influence of XO 
versus XX, where Ta/ + females represent the normal diplo-X class. 
Once the above allowances were made the influence of the possession of only one X 
chromosome on the weight of females (factor d in Table 2) could be calculated: it was 
then found to be very slight (1%). This estimate can be checked by comparing the XO 
and XX daughters of Ta/O mothers (Table 2). Here, there is no difference between the 
weights of the two classes and this situation is maintained when the data are weighted for 
the numbers of each class per litter. Growth of XO females up to the age of three weeks 
is therefore no less than that of their normal sisters. 
The conclusion from the combined data is that there is a marked shortage of XO 
daughters in litters of XO females and that this is not due to post-natal inviability since 
sex-ratios at birth and at three weeks are the same. Post-natal growth is also as rapid 
for XO as for XX females, at least during the first three weeks. These facts suggest that 
the shortage of the XO class is unlikely to be due to embryonic death of two-thirds of the 
XO females, but probably results from a preferential loss of chromosome sets lacking an 
X to the polar bodies, so that most eggs carry an X chromosome. 
The same facts indicate that only one X chromosome is necessary for normal develop-
ment of the female mouse, at least up to the age of three weeks, and this favours the 
validity of the inactive-X hypothesis. 
I would like to thank Dr D. S. Falconer for advice on the analysis of the data and for 
criticism of the manuscript. 
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Scotland: The inactive-.Aypothesis and 	ition effects in the mouse. 
- Two experiments to test the application of the inactive-X hypothesis 
(Lyon 1961) to position effects in the mouse (Cattanach 1961; Russell 
and 3a.nghaa 1959) are being car.iod out. 	1) Rou1cion hoterozyotes 
for a co-1iukod coat colour gone, Brindled 
(40B)  and an -autosoma 
translocation that causes variegation for the autosomal coat colour 
6ene 9 albino (c) (Catthnach 1961) were procuced0 The phenotype 
was a variegation for three coat colours (+ 9 c 9 	rather than 
tuo (4, c indicating that both L r 	 co on the normal A and + on the 
rearranged X were genetically active in some cello. -- 2) Le].oction 
for high and low amounts of position effect variegation is ;oing 
a:1ied in oucceseive generations. In the low line three generations 
of selection have not been effective in reducing the albino variegation 
below the average level (35) In the high line, however selection 
increased the variegation in the first generation to near 5G at 
which level it apra to be remaining constant. 	The combined 
results of the two experiments lead to the conclusion that position 
effects in the mouse are dependent upon Xinactivation 9 but that the 
extent of inactivation of the ascociatod autocomal attachments may 
vary. il, 'sprcading effect' (Cattanach 1961 9 ussell ot a10 1962) 
analogous to that in Drosophila (Lewis 1950) may therefore exist in 
the iouce0 The results make it unlikely that pigment precursor 
diffusion or differential multiplication rates of the alternative 
inactive-X cell types may account for the spreading effect. 
Lbctract for Genetics society of america (tXL3i) 9 University of 
Uasaachusetts 9 L.aherst 9 August 28.'30 1963 
a:TIc 9 48: 384-885 (1963) 
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A chromosomal factor controlling spread of inactivation 
in an Xautoeome tranelocation 
uIr 
Bruce 11. Cattanach0 
CAT AACII 	4fl.00 £utagenesis esparch Jnit 9 Institute of 
Animal Gonetica s, Usat 11ains Road, Edinburgh 9: Achromocoa 
factor contrcllg_pea&L inactivation in anX-auto come  
trane].ocato 	Genotypic selection for high and low amounts 
of lbinovariegatiOn induced by Cattanach ° a autoome translocation 
has established two lines of mice, one showing a 5O level of albino, 
the other a 3O level. Genetic control over the spread of the 
inactivating properties of the X across the associated autosomal 
loci was considered to be responsible. Reciprocal crosses between 
the two lines have shown that the controlling factor is located 
in the rearranged X-chromosome. The factor may thus be the postulated 
X-chromosome "inactivation centre" 9 but crossing over between the 
factor and the autosoinal insertion has not yet been detected. 
Both may be located in the Ta..jp region of the X-chromosome 
linkage map. 
An analysis of the selection lines in the light of the above 
information has revealed that the selection process had simply 
picked out specific rearranged •L.chromosomes each of which, on the 
average, induces a constant level of albinovariegatione 	ro 9 or 
possibly three, different Xchromoeomea have now been isolated 
and the study of the mechanism by which they came to differ can now 
be investigated. It is conceivable that 9 rather than the "inactivation 
centre" concept, a "controlling element" system such as that found in 
maize may be involved. 
Abstract for Genetics Society of Groat Britain, University of Newcastle, 
Newcastle upon Tyne, July 68, 1966 
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The inactive-X hypothesis  states that one of the two X-chromosomes becomes 
.ieuetically inactivated in each cell of the early female mammalian embryo, with 
the consequence that the adult 15 5 mosaic for clones of cells each with one or 
other X inuclivated. 	The theory adequately explains the mosaic phenotypes 
observed in female mice and cats when are heterozygous for sex-linked coat colour 
in the malu it also explains the similar pnellotypos for auto-
somal idles shicb, as a result of an X-out000we translocation, are brought into 
close proximity aitb reious of the X''''' 10 ; 	the bulk of the genetical evidence 
indicates that wIleu tue re..rranged ) is inactivated, so also are the associated loci, 
and this has been cytologically confirmed by Ohno and Cattunach. 	One line of 
evidence, however, sugeeto that the inactivation of all the autosomal loci need 
not aliays occur. 	In Cattanacu's tranalucation 1 a piece of aut080me carrying 
ilie wild type alleles of the recessive coat colour genes, pink-eye (p) and 
chinchilla (cb),  has been transposed into the X chromosome (xT ). 	Consistent with 
tue inactive-X hypothesis was the observation that females tarrying the balanced 
loam of the rearrangement and having E and c 	on the nornal autosoise 
) show variegation for the combined Pc 	 phenotype; not 
consistent with the hypothesis was the 000ervation that they show, in addition s 
variegation for the 	phenotype. 	The explanation that was considered most 
likely to be true was that a t a preadin g  eff.ct', similar to that found in Drosophila 
V-type position effects (see review by Lewis ' 2 ) operated, such that the 2  locus is 
inactivated less readily than the c ch locus, a conclusion that predicts that the cc h 
locus lies closer to the break point than the 2 locus. 	In effect, therefore, it was 
suggested that the 2  locus was active in some cells in which the rearranged X was 
inactive. 	Russell 0ui  has also found 'spreading effects' in some of her X-autosome 
rearrangements, and she has iteen able to demonstrate that there is a negative 
correlation between the extent of the variegation and the crossover distance between 
the gene and the breakpoint. 	Thus, there isa-spread' of the inactivating properties 
'f the X across the associated autosomul loci. 
Evidence of genetical control over the inactivation of autosomal loci attached 
to the X has recently been found 14.  in an experiment principally designed to test 
whether the choice of which X becomes inactivated is truly. a random process, as 
required by the inactive-X hypothesis. 	Genotypic selection was carried out over -, 
several generations for high and low amouutsof white (albino) areas in the albino-
variegated coats of female mice, heterozygous for the chromosomally unbalanced form 
of Csttauacb'o translocstion7 ( 	' 	 '- '-'). 	The variegated, or 
flecked (fd(cc)), females were graded according to the amount of white they possessed. 
In each generation the selection procedure, then, Simply involved mating those 
:females with the highest grade to albino males selected from those litters in which 
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The cross of 'zd(cc) females with albino (c) m&lee, 
The straight lines represent the autosomee of linkage group I and the wavy 
line. tb., X (long) and Y (abort) chromosomes. 
the mean grade of the L(.) daughter* was highest. 	In this way a high selection 
linewas established, and in a similar manner, a low selection line was also set up. 
The mode of inheritance of !LS.SJ. and the genotypes and phenotypes of the pzpgeny 
of the cross are shown in Pig. 1. 
The-results of the selection experiments are depicted in Fig. 2. 	The mean 
amount of white in the randombred base population was ,approximately 30k, and selection 
for loser amounts was virtually ineffective. 	In the high line, however, the mean 
level rose to approximately 50%, around which point it fluctuated in each generation. 
Since the upward response to selection was limited by the 50 level, the data were 
not considered inconsistent with random X-inactivatton, 	it seemed more likely that 
some other mechanism was responsible for the sub-500 amount of white coat observed 
in the unselected base populatiou. 	Such a mechanism can be provided by the 
"spreading effect", described above for the g locus. 	If it is assumed that the £ 
locus, 'too, is subject to a "spreading effect", it will not always be inactivated 
and this will result in pigmented coat in some regions in which the rearranged X 
Is 'inactiv&ted. 
The fact that the extent of the white areas coula be increased by selection allows 
the interesting conclusion that the "spread" of the inactivating properties of the 
I along the adjoining autosoisal material is under genetical control. 	It should-be 
meted that the response occurred primarily in the first generation, suggesting that 
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The response to selection 
for theamount of white (& 
In the coat. of L(s.) 
female siic•, 
The double circle, 0 shows 
the.grsde qf the base population, 
B; the solid, . and open circles, 
0 Show the grades art the high and 
low selection lines1 respectively. 
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spread of inactivation is controlled by only a very 'few genes. 
In order to determine whether the controlling gene, or genes, sri located on the 
1 or on the sutosoøea, (the I need not be considered in this situation, since 
variegation is normally only expressed in female., i.e, where two X chromosomes are 
present) reciprocal crosses were made between the high and low lines. 	The results 
PARENTS fj() DAUGHTERS 
MEAN GRADE whit. 	() areas- 
4(g) High 2 	x 	High To 3.90 ± 0.09 58,% (High) 
High VS a £ Lou ff 3.60 ± 0.11 (High) 
() Low 88 a c High dt 2.82 ± 0.18 41 	(bow) 
£d(cc) Low 88 x £ Low J 
L 
2.88 + 0,12 41% (Low) 
Table I. The results of crossing the high and low selection line.. 
are only now becoming available and, although email, they cleatly show (Table 1) that 
the level of white in the !(i) daughters follows that of theirj2c) mother. 
'Similar crosses of 	(.c)—preducing ?ype IX male. (see Fig. 1) fro m  oneline with 
albino females from the other have also been made. 	Here the dagbtera ehwad the 
level of white characteritjc of that of their fgthers' line. It must be concluded, 
therefore, that the gsni or gqnge, thIs control the •ipr.ad of 8n4ctivati9p reg.a 
fp the !!17rep8e4 (, 
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It may well be possible to determine the l.,cation of the controlling gene. 
It is unlikely that it lies in the aUtO5OIOAl transposition,fir the transiocation 
is the same in both high and low lines and the nature of the rearrangement prevents 
the recovery of crossover products 11 ; differences could only have occurred by 
mutation. 	It is more likely that it lies in the X-chromosome itself, and that 
the selection experiments only picked out animals differing with'respect to the 
controlling gene. 	If the gene lies some distance away from the autocoinal trans- 
position, crossing over should occur between them. 	This possibility is being 
tested. 	It may be noted that, if the location of the .controlling gene can lie 
established as being an the X. such a gene would have all the properties of the 
postulated "inactivation centre" 13 ' 15 ' 16 ; it may. be the site from which the 
inactivation process "spreads" slung the X-chromosome (and adjoining amtosoa&l region.). 
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1. INTRODUCTION 
In Cattanach's X-autosome translocation a piece of autosome of linkage group I has been 
inserted into the X-chromosome and a piece of X may have been reciprocally translocated 
to the autosome (Cattanach, 1961; Ohno & Cattanach, 1962). The present communication 
reports investigations to locate the autosomal insertion in the X-chromosome linkage map 
and provide evidence pertinent to the question of the possible reciprocal nature of the 
rearrangement; a brief summary of the results has already been reported (Cattanach & 
Isaacson, 1965). 
The unbalanced form (Type II) of the translocation was employed since animals of this 
genotype, i.e. those possessing a normal set of autosomes and carrying the piece of auto-
some inserted into the X as a duplication, should be deficient for a piece of X if, in fact, the 
rearrangement is a reciprocal one. The linkage group I chromosomes of all animals 
employed in the crosses carried the marker gene, albino (c). All translocation-bearing 
animals could thus be identified by an albino-variegated phenotype in females and a wild-
type phenotype in males; the chromosomally normal animals were uniformly albino. 
In most crosses the linkage data was estimated from the analysis of the albino male progeny 
only; females could not always be classified for the sex-linked genes, and viability problems 
were encountered with the translocation-bearing males. To simplify the presentation of 
the data the autosomal insertion will here be designated, Tii. 
2. CROSSES AND RESULTS 
(i) Crosses involving the translocation, Tabby and Bent-tail 
In an earlier report it was shown that the insertion (Tii) and Tabby (Ta) lie close together 
on the X-chromosome. From a two-point repulsion backcross the recombination fre-
quency was estimated to be of the order of 4%, or 35% if only the c male progeny were 
considered. The coupling backcross has now been carried out and provides essentially the 
same answer (Table 1). From both sets of data the recombination frequency between 
Tii and Ta may be estimated to be 4-11% (lower and upper 95% confidence limits, 190 
and 766 respectively). Since Ta is one of the central markers in the X-chromosome linkage 
map it would seem probable that other marker genes might be found on either side of 
the autosomal insertion (Tii). 
Bent-tail (Bn) recombines with Ta with a frequency of the order of 11% (Falconer, 1953) 
to 15% (Phillips, 1954). Two-point tests of Tii and Bn were therefore carried out (Table 1) 
but the estimation of the recombination frequency was made difficult by the low viability 
of Bn males and the incomplete penetrance of the gene in the females. However, when 
Tii Bn Tn + 
11? 5? 
Tzz + Tii MOB? 
80 1 
Tn MoB? Ti, + 
17 1 
Ti.,  + Tn jp 
(119) 

















Table 1. Phenotype and numbers of offspring from two-point linkage backcross 
Females 	 Males 
Non- Crossovers Non- Non- Crossovers Non- 
crossovers crossovers crossovers r- crossovers 
Tii Ta Tii + + Ta + + Tii Ta Tii + + Ta + + 
46? 1? 1? 88? 17 2 4 70 
Tii + Tii Bn + + + Bn Tii + Tii Bn + + + Bn 
43? 3? 12? 23? 22 0 11 20 
TnBn Tii+ +Bn ++ 
2 0 2 36 
Ti.,  + Tn MOB? + + + Br 
45 0 2 90 
Tn MOB? Tii + + Mo& + + 
4 0 0 36 
Tii+ Tiijp ++ +jp 
36 0 1 153 
Tii + 	Tn spf 	+ + 	+ spf 
9 1 	24 24 
Heterozygous 
parent 
Tii Ta! + + 
Tzi + / + Bn 
Tii Bn/ + + 
Tix + / + MoBS 
Di MOBT/ + + 
TiI+/+jp* 
T1I+/+8p1** 
8pf+/+jp*** 	8pf+ 	8pfjp 	++ 	+jP 	spf+ 	8pfjp 	++ 	+jp 
47 45 54 52 
(206) 
Numbers in brackets indicate that non-crossovers and crossovers were not distinguishable. A question mark after a number indicates 
uncertainty in classification. *jp  not classifiable in females. **spf  not classifiable in females. ***Neither gene classifiable in females. 
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allowances were made for these factors most calculations placed the recombination 
frequency at approximately 20%. This indicates that Tii lies further away from Bn than 
it does from Ta and that the order probably is Tii—Ta—Bn. This was confirmed in three-
point linkage tests using TI, Ta + / + + Bn and Tii Ta Bn,/ + + + females. Neither class 
of female produced any offspring in which Ta crossed over in relation to both Tii and 
Bn, although a number of the other crossover types were found among eighty-two un-
ambiguously classified offspring. This implies that Ta crossovers represent the double 
recombinant, i.e. that Ta is the middle locus. 
(ii) Crosses involving the translocation and Brindled 
Brindled (MoEt) recombines with Ta with a frequency of 4% and lies on theopposite side 
of Ta from Bn (Falconer, 1953, 1954). If the above calculations are correct MOB , and Tii 
should be very closely linked. Two-point linkage tests (Table 1) fully confirmed this 
prediction; the recombination frequency was 2-16% (lower and upper 95% confidence 
limits, 059 and 545 respectively). 
Since the translocation would be expected to suppress recombination in its immediate 
vicinity the observed recombination frequencies will not represent the true genetic dis-
tances, i.e. Tii will be further away from the marker genes than the recombination fre-
quencies indicate. It is therefore highly unlikely that Tii lies between MO B,* and Ta; almost 
certainly the order will be TIi_MoBt_Ta_Bn.  Linkage tests with marker genes further 
away from Ta on the MoB?  side of this gene were therefore carried out. 
(iii) Crosses involving the tran.slocation, jimpy and Gyro 
Jimpy (jp) recombines with Ta with a frequency of 20% and lies on the MOB , side of this 
gene (Phillips, 1954). It should therefore show little recombination with Tii. Two-point 
linkage tests (Table 1) confirmed this to be the case; only one crossover was detected among 
154 progeny scored. To ensure the recombinant phenotype was not a consequence of the 
animal possessing the exceptional XXY sex chromosome constitution, fertility tests and 
chromosome counts were carried out. Both tests indicated a normal XY condition, sup-
porting the recombination hypothesis of origin. While demonstrating that the trans-
location almost completely suppresses crossing-over in the MoBtjp  region, the data do not 
distinguish the relative position of jp; it could lie on either one or the other side of Tii. 
Gyro (Gy) recombines with Ta with a frequency of 30-40% and lies on thejp side of this 
gene (Lyon, personal communication). Linkage tests could not provide any accurate 
estimate of the recombination between Tii and Gy because of the many technical difficulties 
associated with studies utilizing this gene. The data did however indicate that crossing 
over occurred, probably with a frequency of the order of 20%. It is therefore certain that 
Gy lies on the opposite side of the Tii from Ta. 
(iv) Crosses involving the translocation and sparse-fur, and sparse-fur and jimpy 
Sparse-fur (spf) is known to be closely linked to scurfy (sf) (Russell, personal com-
munication) and sf has been tentatively located about 40 crossover units away from Ta on 
the Bn side of this gene (Welshons, personal communication). However, since evidence 
existed (Russell, 1963) which permitted the speculation that both spf and sf might rather 
lie on the ay side of Tii (Cattanach, 1965) this possibility was tested. Two-point linkage 
tests were carried out between both spf and Tii and spf and jp. The results are shown in 
Table 1. The tests indicated that spf lies distant to both Tii and jp, for the maximum 
recombination frequency (50%) was obtained in both cases (spf—Tii, 50± 14%; spf—jp, 
50±7%). On the basis of the data presented in this communication it must be concluded 
that spf does in fact lie on the opposite side of Bn from Ta, not on the Gy side of Tii. 
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3. DISCUSSION AND CONCLUSIONS 
The data clearly establish that the piece of autosome (Tir) inserted into the X-chrom-
some in Cattanach's translocation is located within the X-chromosome linkage map. The 
order of the loci is Oy_TIi_MoBr_Ta_Bn_spf.  One other gene,jp, which is located between 
Gy and MoBr  is closely linked to Tii but the data do not distinguish on which side of Tii it 
lies. The results also establish that spf lies in the position indicated above, i.e. on the 
opposite side of Bn from Ta, this confirming Weishons' data for the closely linked sf. 
The translocation suppressed crossing over throughout most of the region between 
jp and MOB  (normally about 16 crossover units apart), only one cross-over being found 
among 154 offspring scored, and it is possible that the effect may extend a further distance 
beyond jp towards Gy. Since the rearrangement is insertional it would seem most likely 
that crossover suppression will operate on both sides of the insertion and hence, on the 
basis of the above information, the amount of suppression on each side must be fairly small. 
If this is so then it is unlikely that Type II translocation heterozygotes are deficient for a 
piece of X-chromosome, a condition which together with the autosomal insertion would be 
expected to cause a marked suppression of crossing over. In support of this conclusion is 
the observation that the translocation did not influence the phenotype of any of the tested 
sex-linked genes when either in coupling or repulsion with them. Type II animals cannot 
therefore be deficient for regions of X-chromosome which include any of the loci of these 
genes. Genetical evidence for a reciprocal exchange between the X and the autosome is 
therefore lacking. Recently, however, pachytene configurations of female translocation 
heterozygotes have been interpreted to indicate that the translocation had involved a 
chromatid-type reciprocal exchange (Slizynski, personal communication). It was 
considered that by this means a piece of X was translocated into the autosome without 
its loss from the X. The linkage data presented here do not conflict with this interpretation. 
The Gyro and jimpy mice were kindly supplied by Dr M. F. Lyon and Miss R. J. S. Phillips, 
and the sparse-fur mice by Dr L. B. Russell. 
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Inqomplete inactivation of the Tabby locus in the mouse X-chromosome 
Several different forms or "states" of the X-chromosome have been 
identified by the use of the X-autosome translocation 0 T(l;X)Ct. 
These differ in their ability to inactivate the associated autosomal 
loci when they are in the inactive, heterochromatic condition and thus 
cause different levels of variegation for the phenotypes of the 
autosomal genes. Males of a near-uniform genetic background but 
possessing different rearranged (X ) X.chromosomes 9 when crossed 
with Ta/Ta females, produce daughters which differ in the degree of 
expression of T& this assessed by vibrissae counts, The scores of 
the Ta sons were the same, These results indicate that the +Ta 
allele in the X
T  responds to the different "states" of the xT in  
the same manner as the rearranged autosomal loci 9 i.e., it is not 
always inactivated when 	
T 	 Ta the X is inactivated.. The + allele 
must act as a dominant or co-dominant in cells in which both alleles 
are active. The hypothesis is compatible with Kindred's observation 
that there are X.linked modifiers of Ta. Incomplete inactivation of 
the autosomal loci is considered to be related to a "spreading effect". 
The results may indicate that there is a "spread" of inactivation 
along the X chromosome itself, or, alternatively 0 that there is a 
general incomplete inactivation of some Xchromosomal loci. If 
normal to the X chromosome, incomplete inactivation could account for 
the abnormal phenotypes seen in multiple X chromosome constitutions 
in man (Supported by PHS grant G14 '15885 and Jack Freeman Cancer 
flesoarch Fellowship Fund). 
Abstract for Genetic Society of America (AIBS) 9 Boston 9 Nov. 11.13, 1968. 
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Controlling elements in the mouse X-chromosome 
III. Influence upon both parts of an X divided by rearrangement 
By B. M. CATTANAOH 
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SUMMARY 
Data are presented which support the conclusion that in the flecked 
translocation, T(1 ;X) Ct, there is a spread of inactivation into both sides of 
the autosomal region inserted into the X. This would indicate that both 
parts of the divided X are subject to the X-inactivation process. The data 
also demonstrate that the inactivation of autosomal genes lying near 
each end of the insertion are modified by the X-chromosome controlling 
element system, Xce. Since the element modifies the heterozygous expres-
sion of X-linked genes on one side of the insertion, it would therefore be 
expected that it similarly modifies the heterozygous phenotypes of 
those on the other side. The data thus support the concept that the 
controlling element is the master gene, receptor site or inactivation 
centre which regulates the X inactivation process. 
1. INTRODUCTION 
Eight X-autosome translocations have been described in the mouse which give 
rise in the heterozygous female to variegated phenotypes for autosomal genes 
brought into close proximity with regions of the X (Oattanach, 1961; Russell, 
1969). Genetical and cytological data have provided strong evidence that the 
primary cause is the X-inactivation process (Cattanach, 1963; Chu & Russell, 
1965; Evans et al. 1965; Lyon 1961, 1963; Ohno & Cattanach, 1962; Russell, 1963, 
1964) with the effect that the rearranged autosomal loci tend to become genetically 
inactivated when the rearranged X is inactivated. 
Studies on translocations which carry two or more genes capable of expressing 
variegated phenotypes have demonstrated that the autosomal inactivation results 
from a sequential spread of the inactivating properties of the X from the break-
point across the adjoining autosomal material (Cattanach, 1961; Russell, 1963). 
This has prompted several investigators to suggest that inactivation of the X 
itself results from some such spread of inactivating material, perhaps from some 
site of inactivation or inactivation centre (Grumbach, 1964; Lyon, 1964; Russell, 
1964). The inactivation centre concept also provided a satisfactory explanation 
* Present address. 
f The majority of this work was supported by a grant (GM-15885) from the National 
Institutes of Health, U.S. Public Health Service. 
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for the seemingly anomalous behaviour of one X-autosome translocation in which 
variegation for only one of two closely linked autosomal genes occurred even though 
the breakpoint was located between them (Russell, 1963). It was postulated that 
only the section of the rearranged X-chromosome material which carries the 
inactivation centre suffers the inactivation process and hence is capable of inacti-
vating attached autosomal loci; the other part of the X would remain genetically 
active (Russell, 1963). 
The flecked X-autosome translocation, T(1; X) Ct, is insertional in nature (Ford 
& Evans, 1964; Ohno & Cattanach, 1962); however, like Russell's (1963) transloca-
tions, which are considered to be reciprocal, the rearrangement effectively divides 
the X into two. Genetical evidence has clearly established that at least one part 
of the divided X suffers the inactivation process and that there is a spread of 
inactivation into one side of the autosomal insertion (Cattanach, 1961, 1963; 
Cattanach & Isaacson, 1965) and information now exists which suggests that there 
may be a spread of inactivation into the other side of the insertion also (Eicher, 
1969; Cattanach, unpublished). This would indicate that both parts of the divided 
X are subject to inactivation, a finding that would clearly be at variance with the 
inactivation centre concept as originally proposed; either two inactivation centres 
at minimum would be required or X inactivation is not dependent upon a spread 
of inactivating material along the chromosome. 
Recent studies with the flecked X-autosome translocation have demonstrated 
that the spread of inactivation into one side of the insertion and the heterozygous 
phenotype of at least two X-linked genes are under the control of an element 
located in the X (Cattanach & Isaacson, 1965, 1967; Cattanach, Pollard & Perez, 
1969; Cattanach, Perez & Pollard 1970). The effect is considered to operate 
primarily upon the level of inactivation of the X-linked loci or upon the frequency 
of cells in which inactivation is incomplete; the influence upon the spreading 
effect may be a secondary consequence. 
Almost all the controlling element studies concerning the autosomal gene 
variegation have made use of only one gene. In an attempt to obtain information 
which might help to elucidate whether or not there is a spread of inactivation into 
both sides of the autosomal insertion, we have now made quantitative studies on 
the levels of variegation for two other genes known to be located along the length 
in the insertion and investigated the influence of the controlling element system 
upon each. The results, presented in this communication, support Eicher's evi-
dence of a spread of inactivation into the second side of the insertion and indicate 
that the variegation for each autosomal gene studied responds to the controlling 
element system. 
2. METHODS AND MATERIALS 
In the flecked X-autosome translocation, T(1; X) Ct, a piece of linkage group I 
bearing the wild-type alleles of at least three coat colour genes, albino (c), pink-eye 
(p) and ruby-eye-2 (ru-2), has been inserted into the X (Cattanach, 1961; Eicher, 
1967, 1970; Ford & Evans, 1964; Ohno & Cattanach, 1962). The linkage distances 
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between the three genes are c-12-16-p--3—ru-2 (Dunn & Bennett, 1967; Eicher, 
1970a). One autosomal break lies between the haemoglobin-beta chain locus (Hbb) 
and shaker-1 (s/i-1) (Eicher, 1967; Wolfe, 1967) and, hence, about 4-7 crossover 
units away from the c locus. The second break lies between ru-2 and quivering (qv) 
which are about 9 crossover units apart (Eicher, 1970a). 
All the translocation-bearing animals employed in the experiments to be des-
cribed carried the unbalanced, duplication form, Dp(i ;X)Gt, of the rearrangement 
and either c, p or ru-2 was present on both normal linkage group I chromosomes. 
The heterozygous females thus showed c-, p- or ru-2-variegated phenotypes. All 
the animals were homozygous for non-agouti (a) and hence c- and p-variegations 
were seen against a solid black background colour. Albino (c) hair is, of course, 
white but a p hair which is normally a lilac colour also appears quite white-looking 
when contrasted against the black background hair in variegated animals. A 
different situation exists with ru-2; the single wild-type allele in the rearranged 
X is incompletely dominant over the two recessive alleles located in the normal 
chromosomes (Eicher, 1970a) and hence ru-2-variegation was seen as chocolate-
coloured ru-2 areas against a dark chocolate intermediate-ru-2 background. 
As in recent communications, the abbreviated term Pp will be used to describe 
Dp(i ;X) Ct heterozygotes and homozygotes and the genotypes of various 
Pp females produced will be described in the following manner; Dp/ + ; pcth/pcth 
indicates a Dp female carrying p and 0ch  on both normal linkage group I 
chromosomes. 
The alternative 'states' of the X-chromosome controlling element are distin-
guishable by the levels of translocation-induced c-variegation they permit and by 
their influence upon the heterozygous phenotypes of at least two X-linked genes, 
Tabby (Pa) and Viable-brindled (Mo") (Cattanach & Isaacson, 1967; Cattanach 
et al. 1969, 1970). The 'state' designated 'high' permits a near-50 % level of c-
variegation or high levels of expression of Ta or Mo", and that designated low, 
a near-30 % level of c-variegation or lower levels of expression of Ta or Mo". The 
difference is attributed to the frequency of cells in which the c+, Ta+ or  Mo+ genes 
are inactivated when the rearranged X is inactivated (Cattanach et al. 1969). 
Since the alternative 'states' of the element have now been isolated on normal 
X-chromosomes (Cattanach, 1970) and shown to modify the heterozygous pheno-
types of the X-linked genes, the element has been formally given the name, 
X-chromosome controlling element, and symbol Xce. The low and high 'states' 
are thought to permit incomplete and near-complete inactivation of the X-linked 
loci, respectively, and thus may be provisionally designated Xcei and Xcec 
respectively. 
Xcei and Xcec  are carried in coupling with the insertion in two sublines of an 
inbred strain, JTJ/FaCt (Cattanach & Isaacson, 1967; Cattanach et al. 1969, 1970) 
and these are maintained by repeated backcrosses of Pp females to males of the 
inbred strain. The c allele is present on the linkage group I chromosomes and hence 
all the Dp females show c-variegated phenotypes. Animals with p- or ru-2-varie-
gated phenotypes and carrying Xcei or Xcec  in their rearranged X-chromosomes 
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were produced by substituting p and ru-2 for c in derivatives of the two sublines 
This was done in such a way that all the variegated animals to be studied werc 
progeny of Dp males. The parental-source effect which causes the levels of trans-
location-induced c-variegation to differ in reciprocal crosses (Oattanach & Perez, 
1970) does not therefore have to be considered when interpreting the data. 
The level of variegation for each gene was determined in the manner standard 
for c-variegation (Cattanach & Isaacson, 1967); the proportion of the coats o 
individual females showing the recessive phenotype was estimated to the nearest 
5 %, scoring as large groups of animals as possible and without knowledge of theii 
identity with respect to the controlling element. The method overestimates th 
true levels of c-variegation by about 10-15% (Cattanach & Isaacson, 1967) and 
this will almost certainly be true for the very similar p-variegation. Variegatior 
for ru-2 is more difficult to assess because the two colours in the coat are so similar 
but it is unlikely that the scoring bias is of a different magnitude. Since c-variegated 
animals are routinely scored at 3-6 weeks of age, p-variegated animals were alsc 
scored at this time. However, ru-2-variegation could be assessed with more con-
fidence in 10-day-old animals, i.e. when the hair is short and non-overlapping 
Again, this is unlikely to bias the estimated levels of ru-2-variegation relative tc 
that for the other two genes for it is known that scores on c-variegation made at 
this age differ little from those determined later (Cattanach, unpublished). 
3. RESULTS 
• The levels of ru-2-, p- and c-variegation observed in Dp females carrying Xcei and 
Xcec in their rearranged X-chromosomes are shown in Table 1. Each set of females 
was the progeny of at least eight Dp males, and since there appeared to be nc 
heterogeneity between males within each type of cross the data have been summed 
as shown. The levels of c-variegation are taken from some of the progeny-test date 
of Cattanach & Perez (1970); the c-variegated females studied were scored at th 
same time as most of the p- and ru-2-variegated animals. 
The first finding that should be noted is that with either 'state' of the element 
the levels of variegation differ with each autosomal gene. In accord with the earliest 
observations (Cattanach, 1961), p-variegation is clearly less extensive thar 
c-variegation, and since the two variegations are so similar it is most improbablE 
that the difference is an artifact of the admittedly subjective scoring procedure 
The comparison of the levels of ru-2-variegation with those of p and c must bE 
made with more caution since the coat colours studied are so different. Nevertheles 
there is little doubt that ru-2-variegation is considerably more extensive thar 
p-variegation. If the level of variegation for each gene is dependent upon it 
proximity to the breakpoint as established with the V-type position effects ft 
Drosophila (see reviews by Baker (1968) and Lewis (1950)) and demonstrated Witt 
other mouse X-autosome translocations (Russell, 1963), then it may be concludec 
from the data presented that the p locus must be more remote from the breakpoinl 
and hence less frequently inactivated than either, the c- or ru-2 loci. Since p i 
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known to he between ru-2 and c in the linkage group (Eicher, 1970a) and since 
the rearrangement is known to be insertional (Ford & Evans, 1964; Ohno & 
Cattanach, 1962), the relative levels of ru-2-, p- and c-variegation may be taken 
to indicate that the inactivation of the autosomal genes results from the presence 
of X-chromosomal material to either side of them. The data are thus in agreement 
with the observation that the coats of Dp/ +; ru-2p/ru-2p females contain ru-2 
areas in addition to ru-2 p and ru-2+p (Eicher, 1969; Cattanach, unpublished). 
They suggest that there is a spread of inactivation into the ru-2 side of the insertion 
as well as that into the c side. If this is correct the very similar levels of variegation 
for ru-2 and c would indicate that the two genes are located at approximately the 
same distance from the breakpoints in the autosomal material. This is in accord 
with the genetic evidence available on the location of the breakpoints in the linkage 
group I chromosome (Eicher, 1967, 1970a; Wolfe, 1967). 
Table 1 
'State' of Levels of variegation 
element -________________________ 
in XT ru-2 p 
Xce' 4836±214%1 3489± 1971 4403±055 
XceC 58-44+ 220 %J + 4361 ± 2155 + + 57.30 ± 0.821 + + + 
Levels of autosomal gene variegation in Dp females carrying Xce' and Xcec  in their 
rearranged (XT) X-chromosomes. 
+, t96 = 328; P < 0.01. + +, t86 = 299; P <001. + + +, From  Cattanach & Perez (1970); 
t669 = 1346; P < 0001. 
Table 1 also shows the levels of c-, p- and r-2-variegation obtained with the 
rearranged X-chromosomes carrying the two 'states' of the controlling element. 
It can be seen that no matter which autosomal gene is considered, Dp females 
carrying Xcei in their rearranged X exhibit lower mean levels of variegation than 
do those carrying Xcec.  The variegation for ru-2 and p thus appear to respond to 
the controlling element in the same manner as the c-variegation. 
4. DISCUSSION 
The significance of the observation that the levels of variegation for ru-2, p and c 
all appear to respond in the same way to the controlling element system is depen-
dent upon whether or not the variegations observed result from the proximity of 
X-chromosomal material to either side of the autosomal insertion. The evidence 
rests on the relative frequencies with which the three genes become inactivated 
when the rearranged X is inactivated, and this can be deduced from the variegated 
phenotypes compared singly, as described in the present communication, or when 
two or more genes are variegating together within single animals. There is little 
doubt that the c locus is inactivated more frequently than the p locus for, as 
originally observed (Cattanach, 1961) and as confirmed in this paper, c-variegation 
is considerably more extensive than p-variegation. In addition, females hetero- 
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zygous for either the balanced or unbalanced forms of the translocation and 
carrying both p and cc4  on their linkage group I chromosomes clearly show three 
colours in the coat. This can be observed the more readily with the balanced 
form of the translocation on a a background for the third colour is that of the 
brownish CCSC  (equated to cc/deficiency)  and hence quite distinguishable from 
the whitish pcth  and black p+c+. The evidence that the ru-2 locus is inactivated 
more frequently than the p locus is similarly based on the observation that 
ru-2-variegated is clearly more extensive than p-variegation (this communi-
cation). The detection of ru-2 areas, in addition to ru-2p and ru2+p+ in the 
coats of Dp/ + ; ru-2p/ru-2p females also indicates this to be the case though here 
doubts could be raised as to the correct identification of the third colour as ru-2. 
Conceivably the ru-2-like areas could result from the admixture of the hair 
of the other two colours, or could even be that of p on the intermediate ru-2 
background. 
Another piece of evidence that inactivation spread into the ni-2 side of the 
insertion as well as into the c side has been provided by Eicher (1969). Con-
vincing areas of p cannot normally be detected in Dp/ + ;pcth/pcc  females—only 
pcch and p+c+ (Cattanach, 1961). This is true whether the variegation is studied 
on an a+ or a a background and with either 'state' of the controlling element 
(Cattanach, unpublished). However, Eicher (1969) has found a variant line 
in which p-variegation may be expressed without ccvariegation. The evaluation 
of this finding is difficult since the nature of the 'mutational' event responsible 
is not known but unless some other major chromosome change is involved, the 
observation requires a spread of inactivation from the ru-2 side of the insertion. 
The above data provide fairly good evidence that there is a spread of inactivation 
into both sides of the insertion and this is what would be expected if both parts of 
the divided X-chromosome were subject to inactivation. Unfortunately the distri-
bution of X-linked genes in the rearranged chromosome does not allow this to 
be determined by genetical means (Cattanach & Isaacson, 1965) but the cytological 
evidence would indicate this is so. Thus, if heteropyknotic behaviour and late 
DNA replication are taken as evidence of genetic inactivation, both parts of the 
divided X are inactivated (Evans et al. 1965; Ohno & Cattanach, 1962). Until 
recently the evidence from the labelling studies were weakened by the fact that 
the mouse X is not as conspicuously late-replicating as that of some other mammals 
and the distal part replicates its DNA later in the cell cycle than the proximal part. 
However, Nesbitt & Gartler (1970) have now been able to demonstrate late DNA 
replication of the mouse X-chromosome much more satisfactorily by the study of 
cells labelled early in S. When the long X of T(1; X) Ct heterozygotes was investi-
gated it was found that the whole chromosome replicates its DNA late in the cell 
cycle. There thus would seem to be little doubt that both parts of the divided X 
are subject to inactivation. 
The above conclusion is at variance with the hypothesis that X-inactivation 
results from a spread of inactivating material along the chromosome. However, 
although such a spread of inactivation has been amply demonstrated in autosomal 
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material attached to the X, there is as yet no evidence of such a process in the X 
itself. Similarly, the concept that regions of X isolated from the postulated inacti-
vation centre are not inactivated is based on the finding that in one of Russell's 
(1963) X-autosome translocations variegation for only one of two autosomal genes 
occurs even though the breakpoint is located between them. It has not, in fact, 
been established that any other gene in the vicinity of the breakpoint is so affected, 
nor has it been demonstrated that genes on one part of the divided X are free of the 
inactivation process. An alternative mechanism to account for the lack of variega-
tion for the single autosomal gene has been proposed by Eicher (1969). At least 
for the flecked translocation the balance of the available data indicate that both 
parts of the divided X are subject to the inactivation process. This and the spread 
of inactivation into each side of the insertion are thus in accord with observations 
on the equivalent type of rearrangement in Drosophila, e.g. in the insertional 
rearrangement Dp(1 ; 3)(wm)264_58a evidence has been obtained which indicate 
there is a spread of inactivation into both sides of a euchromatic region inserted 
into a region of heterochromatin (Baker, 1968). The difference between the levels 
of autosomal gene variegation observed in Dp females carrying Xcei and Xcec  in 
their rearranged chromosomes may now be considered. 
The data presented in Table 1 clearly demonstrate that the levels of ru-2- and 
p-variegation expressed in Dp females differ according to whether they have in-
herited a rearranged X carrying Xce 1 or Xce". That the levels of each variegation 
are modified in the same way as the c-variegation provides strong presumptive 
evidence that the inactivation of these loci, like that of the c locus, is under the 
influence of the controlling element system, i.e. the spread of inactivation into both 
sides of the insertion is under the control of the one element. The alternative 
possibility is that there are two or more controlling elements—at least one to the 
region of X on each side of the insertion. This would seem to be highly improbable 
for it would require that the element responsible for the spread of inactivation into 
the second side of the insertion should have two alternative 'states' equivalent 
to Xcei and Xcec  and the corresponding 'states' of each of the elements, should be 
present in each tested rearranged X chromosome. 
The ru-2 and p loci are separated by a distance of about 3 crossover units (Eicher, 
1970a) and the c locus lies 12-14 units beyond p (Dunn & Bennett, 1967). If the 
spreads of inactivation into each side of the insertion are equivalent, the levels 
of ru-2- and c-variegation would indicate that the two breakpoints are located 
about the same distance away from each gene. This is in agreement with the genetic 
evidence available on the location of the two breakpoints in the linkage group I 
chromosome (Eicher, 1967, 1970; Wolfe, 1967). The p locus must therefore lie 
closer to the ru-2 side of the insertion than to the c side and it would then be 
expected that the p-variegation results primarily from the spread of inactivation 
through ru-2 and less from the spread through c. The variegation in Dp/ + ; ru-2 c/ 
ru-2Cch has not so far been investigated, but the fact that convincing p areas are 
not normally produced in Dp/ + ;p c"/p c" females suggests that the spread of 
inactivation into each side of the insertion is fairly rigidly controlled, i.e. they do 
300 	 B. M. CATTANACH 
not occur independently of each other. This would further suggest that a single 
control system is operating. 
Several investigators have suggested that X-inactivation may result from the 
action of inactivators scattered along the length of the X which respond to the 
control of a master gene or receptor site. Lyon (1968) and Eicher (1969) have 
suggested that the controlling element system may be one of the subsidiary 
inactivators while, in consideration of the fact that the element influences both 
the translocation-induced c-variegation and the heterozygous expression of two 
X-linked genes, we have proposed that it is the master gene or inactivation centre 
which controls inactivation of the whole X chromosome (Cattanach et al. 1970). 
The data presented would tend to support the latter interpretation. 
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Introduction 
The innctivc-X hypothesis (LYON, 1961) states that, in each cell of the early 
female mammalian embryo, one of the two X chromosomes becomes inactivated, 
that the choice of which X is to be inactivated in any one cell is at random, 
and that the descendants of these cells that make the decision, follow this decision, 
and always have the same X inactivated. The adult female is thus a mosaic 
for clones of cells each with one or other X inactivated. Consistent with the 
hypothesis are the observed mosaic phenotypes for sex-linked coat colour genes 
in the mouse (FALCONER, 1953; DIcxIE, 1954; FRAZER et al., 1953; PHILLIPS, 1961) 
and cat (TRULINE and NORBY, 1961) and for autosomal genes transposed to 
the X in the mouse (CATTANACH, 1961a, 1961b; RUSSELL and BANOHAM, 1961; 
RUSSELL et al. 1962; RUSSELL, 1963). In addition BEUTLER et al. (1962, 1964) 
and DAVIDSON et al. (1963) have shown that women, heterozygous for the sex-
linked gene responsible for the formation of glucose-6-phosphate dehydrogenase, 
have two lines of cells, one possessing the enzyme and the other lacking it. 
The present communication reports an experiment in which the aim was to 
test (1) whether the choice of which X becomes genetically inactivated is truly 
a random process, i.e. that it is not under genetic control, and (2) whether 
autosomal material attached to the X becomes completely inactivated when 
that X is inactivated. A brief description of the early results has already been 
reported (CATTANACH, 1963). 
Material and Methods 
The test material was the female mouse heterozygous for CAI'TANACH'S X-autosome trans. 
location (CADFANACR. 1961 b). These animals were of the type described as Type II, i.e. 
they possessed, in addition to the normal autosomal complement, a piece of autosome inserted 
into one X. This duplication (of part of linkage group I) carries the wild type alleles of two 
coat-colour genes, pink-eye (p) and chinchilla (ca). Females with the duplication and carrying 
I p CC'S 	XT\ 
p and c on their normal autosomes (i.e. -' pcc 
	
.D+ show the flecked (/d) 
ñ / 
phenotype - they are variegated. Variegation only occurs when two X's are present, and 
only one (XT), carries the insertion; thus XTX females and XTXY males are Id, while XTO 
females, XTY males, and XTXT females are wild type (OATTANACIi, 1961a, 1961b). 
The mechanism causing variegation in X-autosome rearrangements has been explained 
on the basis of the inactive-X hypothesis. It was suggested that autosomal genes attached 
to the X become inactivated when that X is inactivated (LYON, 1961) and this idea was 
later substantiated by cytological evidence (OnNo and CArr&ieAca, 1962). In operation, 
therefore, when the XT  is inactivated the dominant wild type alleles of p and cM likewise 
become inactivated, allowing the phenotypes of the recessive genes on the autosomes to 
be expressed. When the normal X is inactivated the .P  and genes will be active, and 
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the + coat colour will be seen. Again, cytological evidence has substantiated this proposed 
mechanism (OnNo and CATTANACII, 1962). The extent of the pcth areas in the coat of /d 
mice therefore provides an estimate of the frequency with which the XT, as opposed to the 
normal X, is inactivated in the pigment cells. 
To simplify the distinction between the two coat colours within an animal, /d females 
were used which carried on both of the iiOñ'ii M autosolvio only the ifitiffidtO roqcssive gone 
/ 	-I-PC 	PC 	x 
/ 
albino (c) - an allele of cth i.e. . They thus showed clear white 
areas of the c coat colour gene. A line of such Type II /d(cc) (see Fig. 1) females was obtained 
by crossing to c males from a randombred stock of mice, Q, maintained in this laboratory 
by Dr. D. S. FAL.coNEn. Fig. 1 shows the mode of inheritance, genotypes and phenotypes 
of the progeny. 
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Fig. 1. The cross of id(cc) females with e males. The straight lines represent the autosomes of linkage group I 
and the wavy lines the X (long) and Y (short) chromosomes 
Once a sufficiently large stock was obtained all the fri females were scored for the amount 
of white coat they showed. This could only be assessed roughly since the pattern of variegation 
was often quite diffuse. Classification was therefore based on five 20% range grades (1-5) 
such that females with extensive white areas were given a value of 5 i.e. 80-100%, and 
those in which it was minimal, 1 i.e. 0-20%. On this scale a mean level of 50% would be 
halfway through grade 3, i.e. 3.5. 
Selection of animals to attempt to form high and low flecked lines was then carried 
out. A response might indicate that the choice of which X is to be inactivated is under 
genetic control, or that the degree of inactivation of the X or of the autosomal insertion may 
be genetically controlled. From the base population the 10 /d females with the highest amount 
of white coat were selected. These were placed in pair matings with c males selected from 
those litters in which the mean grade of the /d daughters was highest. The matings were 
kept going until at least 30 /d offspring were obtained. These were then graded and the same 
type of selection was carried out to start the next generation. In an identical manner a low 
selection line was set up. 
The selection procedure was maintained for five generations at which point the degree 
of selection was relaxed, since both high and low lines had begun to show the effects of inbreed-
ing. From then on, within each line, only the females were selected, the c males were taken 
without selection - one from each parental mating. 
flostilts 
67 /d(cc) female mice were collected to form the base population and were 
scored for the amount of white coat they possessed. The mean value was 2.51. 
This figure indicates that the overall amount of white was between 20 and 40%; 
approximately 30%. 
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The mean values for Table 1. The wean Valfle8 of the ba8e population and 8Ucceedsflg 
the F1 and succeeding 8election generation8 
generations 	are shown Base population 
in Table 1. 	It Can be No. females scored 	 Mean score 
seen that there was in 07 	 2,51 ± 0.12 
inimcdiat.e response 	to High line Low line 
selection 	in 	the 	high 
Generation 
No. females I 	Mean score No females Mean score 
line; in the F1 the mean _________ scored 
value 	was 	3.44, 	i.e. F1 25 3.44±0.18 29 2.62±0.15 
almost 5O%, a level that F2 57 3.88±0.10 43 2.56±0.10 
was significantly higher F3 56 3.90±0.10 58 2.40±0.11 
than that of the base F4 61 3.95±0.10 38 1.92±0.17 
population 	(P<0.05). F5 51 3.78±0.11 38 2.45±0.10 
The extent of the white 
F6 58 3.66±0.12 24 2.04±0.14 
F7 61 3.44 ±0.09 48 2.27 ±0.07 
areas then appeared to F8 45 3.78±0.09 30 2.37 ±0.11 
increase slightly in the 
F2 , 	 F3 	and 	F4 	but I ° 
dropped again over the ft following 	generations. 40- 
The means of all gene. f I I rations in the high line 1 . kept within the grade 3 1 
category, i.e. un(lcr00%. as - 
In the 	low line 	there 0 




U, to selection. The extent w z  
of the white areas did a o - 	 - 4 
appear 	to 	drop after ' I 	 . 
the first generation to Z T 
a minimum in the F41  I 4 
but it rose again in the .s 
- 
T 2O- 
subsequent generations I I t 
f 
409 U 
to a level close to that CL 
the base population. Iof 
I The results 	of the 20 - 
selection system are de- 
I picted in Fig. 2. Clearly 
two lines have been iso- 
lated; in the high line 1.5 1 1 	i 	 I 	I 	1 	i 
the 	amount of white 
4 5 U 2 	3 	5 6 7 e 
 
fluctuates 	around the 
GENERATIONS 
50% level, while in the 
Fig. 2. The response to selection for the amount of white (c) In the coats of 
/d(cc) female mice. The double circle 0 shows the grade of the base popula- 
low line it remains some- tion B; the solid • and open circles 0 show the grades of the high and low selection lines, respectively. The standard errors x 2 are included 
what under 30%. The 
difference between the two lines is statistically highly significant (P <0.001) and 
is not an artefact of the crude scoring procedure. The scoring error was assessed 
by grading a sample of 105 animals twice, the time interval between the two 
scorings being one week. The error was quite low, the variance between the 
22* 
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Table 2. The. littcr size and composition of the titters in succeeding qriicration8 
















nt ns 66 4 40 ?,gii no no 11 140 
7.46 57 63 27 80 7.50 43 72 20 75 
F3 	6.74 57 80 30 102 6.27 67 97 20 98 
1" 
4 	 6.17 64 71 16 82 6.47 39 67 9 81 
115 6.90 53 60 15 76 5.33 40 69 7 58 
F0 	6.49 66 56 29 67 4.89 27 42 13 46 
F, 7.18 74 87 39 93 6.14 55 54 12 82 
its 	5.68 48 51 18 71 5.44 34 1 	58 3 50 
Ratio of translocation- 0.89 0.29 0.68 0.22 
bearing to Normal 
repeated scores being 0.08 which was 13.6% of the total variance within 
generations. 
The litter size and composition of the litters in the succeeding generations 
are shoyn in Table 2. It can be seen that the litter size in the low line tended to 
decrease, while that in the high line did not. This can in part be attributed to the 
greater degree of inbreeding in the low line - a consequence of several matings 
in the early generations being non-productive. Perhaps associated with the 
reduced litter size was the low frequency of both /d females and + males in 
relation to their c sibs. 
Several coat colour genes were present in the base population. After several 
generations of selection it was found that the high line was uniformly non-
agouti, brown, while the low line was principally non-agouti, black, but brown 
also segregated in a low frequency. Within the two selection lines there did not 
appear to be an association between the extent of the white areas and the 
presence of one or other allele. This makes it seem unlikely that the difference 
between the two lines is a consequence of the black/brown allelic differences. 
Observations on non-experimental /d lines in which the black/brown alleles segre-
gate confirmed this conclusion. 
In earlier experiments with Id mice, it has been noted that the condition, 
known as imperforate vagina is common in Id females. This defect appeared in 
both selection lines and increased in frequency in succeeding generations. This 
was most conspicuous in the high line where the frequency over all the, generations 
was 10.3% compared with 3.83% in the low line. In neither line did the defect 
occur more frequently in females with any particular grade of variegation, but 
only /d females were found to have imperforate vagina; of 400 c sibs examined, 
not one exhibited this condition. 
Discussion 
Selection upon the genotype for high and low amounts of white (c) coat 
colour in female mice heterozygous for Cattanach's X.autosome translooation 
was carried out over eight generations. In the first generation of the high line 
the amount of white rose from the 30% level of the base population to almost 
50%, and thereafter fluctuated around the 50% point. In the low line little, 
if any, response to selection was achieved; 
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Let; us first consider the experimeiit as a test of the randomness of X-in-
activation. The first. observation that should be discussed is the low level of 
white among animals of the base population. On the basis of random X.inactiva-
tion the fl1C811 amount of white should be 500'. Instead, in the base population, 
it was only 30%. This might suggest that in the translocation line X-inactivation 
is not a completely random process, i.e. the normal X is being inactivated more 
frequently than the rearranged X. 
Already there is an example in the mouse of non-random X-inactivation. 
Female mice heterozygous for Searle's X-autosome translocation (SEARLE, 1962; 
Lvox et al., 1964) have the normal X inactivated in almost all their cells (OHN0 
and LYON, 1964). Here, in common-with the cases of specific X-inactivation in 
man where the abnormal Xis always late-labelling and therefore presumably geneti-
cally inactive (MuLDtL et al., 1963; ROWLEY et al., 1964), the result is a normal, 
or near normal. "active" chromosome complement. This is not so in the present 
case where, in contrast, the inactivation of the normal X results in an unbalanced 
"active" chromosome complement, i.e. the autosomal genes in the XT  would 
be active, and the genotype would be equivalent to that of Type II males (see 
Fig. 1) - a class that has a low viability (CATTANACH, 1961 b). 
The second observation pertinent, to the question of the randomness of in-
activation is the result of the selection experiment. On the simplest basis, if the 
choice of which X is to be inactivated is under genetic control, then it should 
be possible to obtain a response to selection for high and low levels of white 
in the coats of Id animals. Or, if there were a mechanism that biases the 
choice towards one or other X, then it might reasonably be supposed that 
this bias would be enhanced by selection. Thus, in the present experiment, 
the apparent tendency for the normal X to be inactivated might be expected 
to become more pronounced with selection. The results are not consistent with 
either hypothesis; little or no response to selection was obtained in the low 
line, and in the high line it was limited to an increase to only the 50% level. 
The experiment does not therefore provide any convincing evidence either for 
non-random inactivation, or for genetic control over the choice of which X is 
to be inactivated. 
Let us now consider the experiment as a test of the hypothesis of complete 
inactivation of the autosomal genes transposed to the X-chromosome. Already 
there iso evidence that inactivation of the piece of autosome is not complete. 
This is based on the observation of a "spreading effect" (CATTANACH, 1-961b). 
Type I Id females (those carrying the balanced translocation), heterozygous for 
/ 	 \ 
pand c, i.e./d(pc") 	+p + c  ..XTJ, in addition to showing variegation 
/ 
for the combined peh  phenotype also showed variegation for the c/O phenotype. 
Complementing this finding was the observation that /d(p) females generally 
showed less variegation than /d(c) females. The explanation that was considered 
most likely to be true was that a "spreading effect", similar to that found in 
Drosophila V-type position effects (see review by LEWIS 1950), operated such 
that the p locus is inactivated less readily than the c/cth  locus, a conclusion 
that predicts that the c/ed locus lies closer to the break point than the p locus. 
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This prediction could not be tested since the nature of the translocation does 
not allow the recovery of crossover products; the piece of autosome is inserted 
into the X and inverted with respect to the ccntromcre (OHNo and CAIrANACH, 
1962). However, RUSSELL (1963, 1964) has found that "spreading effects" also 
hi tionjo of her X.autosönie rearrangements, and sho has demonstrated 
that there is a negative correlation between the extent of variegation and the 
crossover distance between the gene and the breakpoint. 
It should be mentioned that two other mechanisms have been offered to 
explain the "spreading effect" (LYON, 1963). To account for p patches covering 
less than 50% of the body, it has been suggested that the two cell types with 
wild type and mutant genes active might have different rates of multiplication. 
The alternative suggestion was that the product of the +P gene may be slightly 
diffusible so that normal pigment could be formed in genetically p cells. Neither 
mechanism is consistent with the observation that the extent of variegation is 
dependent upon the distance between the gene and the breakpoint (RUSSELL, 
1963, 1964), nor that it may be influenced within one translocation by the sub-
stitution of one mutant gene on the normal authsome for another, e. g. in the 
CATTANACH'S translocation, p for c, though this of course also involves a change in 
the gene/breakpoint distance. In mouse X-autosome translocations all the avail. 
able evidence favours the operation of a Drosophila-type "spreading effect", 
this functioning only when the rearranged X is genetically inactive. In operation, 
therefore, autosomal material attached to the X is usually, but not always, 
inactivated when that X is inactivated, and the probability of inactivation of 
each autosomal locus is dependent upon the proximity of the locus to the break-
point. 
The results of the present experiment fit well the concept of the "spreading 
effect". The sub-50% level of white observed in the base population indicates 
that the c locus, like the p locus, is not always inactivated when the XT  is in-
activated. The probability of inactivation of the c locus, however, is higher. 
Also consistent with the idea of variable inactivation of the autosomal loci is 
the increase to only 50% white in the high selection line. Here, inactivation 
of the c locus is virtually complete; the amount of white rests solely on the 
random inactivation of one or other X chromosome. 
The fact that the extent of the white areas could be increased by selection 
allows the interesting conclusion that the extent of inactivation of the autosomal 
insertion is under genetic control. Also, it should be noted that the response 
occurred principally in the first generation. This suggests that the spread of 
the inactivating properties of the X along the autosomal material is controlled 
by only a very few genes. It may be, therefore, that there is a further analogy 
between the Drosophila and mouse V-type position effects. It is now known 
that in Drosophila it is not the heterochromatin of the Y that suppresses variega-
tion, but rather it is localised regions of the Y which act as position effect modifiers 
(BAKER and SPOFFOnD, 1959, BROSSEAU, 1964). Since the mouse V-type position 
effects are associated with X-autosome rearrangements, and are therefore depend-
ent upon the inactivation of the rearranged X, they are normally only seen in 
the female, i.e. where two X chromosomes are present. Only modifiers of the 
spread of inactivation that are located on the X chromosomes or autosomes need 
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therefore be considered here. While it would be technically difficult to localise 
any such modifying genes if they were autosonial, it should be possible to de-
termine if they are located on the X chromosome. It 'may be mentioned here 
that the indication of genetic control over the spread of the inactivating properties 
of the X across attached autosomal material, raises the interesting consideration 
that there may be a spread of inactivation along the length of the X itself, and 
that this may likewise vary and be under genetic control. Further reference to 
this will be made later. 
The lack of response to, selection for a low level of white may mean there is 
a true minimum limit to the extent to which autosomal loci associated with the 
X may be free of the inactivating influence of the X. Alternatively, it may be 
that an opposing selection pressure is working; selection for low amounts of 
white simultaneously selects for a genotype equivalent to that of the semi-
inviable Type II males (see Fig. 1). Evidence favouring the latter possibility 
is the lower fertility and slightly lower survival of /d females in the low line 
in comparison with that in the high line. It is, however, impossible to separate 
cause and effect here, since because of what may have been just chance infertility 
of several of the early matings, the low line suffered more from inbreeding than 
the high line. This may have influenced the translocation-bearing animals more 
than their normal sibs, and supporting this possibility is the observation that 
the Type II males in the low line were less viable than those in the high line, 
i.e. they appeared with a lower frequency (see Table 2). Here the inactivation 
process cannot be involved for it does not operate in the male. 
Let us now consider some of the current ideas of the inactive-X hypothesis 
in the light of the conclusions drawn from the present experiment. GRUMBACK 
(1964), LYoN (1964) and RUSSELL (1964) have suggested that there may be some 
locus, or centre of inactivation, which controls X-inactivation by producing a 
substance that "spreads" along the chromosome preventing its genetic activity. 
A limited "spread" of the inactivating substance into attached autosomal regions 
could then account for the "spreading effect". This system is easily fitted to 
RUSSELL'S X-autosome translocations, which are presumed to be reciprocal in 
nature (RUSSELL, 1963) if the rearranged part of the X, now spatially separated 
from the inactivation centre, no longer becomes genetically inactivated. RUSSELL 
(1963) believes this is so, since one of her translocations induces variegation 
for only one of two closely linked autosomal genes, even though the break oc- 
/ + 	x\ 
eurred between them, 	 x J' i.e. only one part of the X is 
/ 
capable of inactivating adjoining autosomal loci. However, the system encounters 
greater difficulties in CATTANAOH'S translocation which is an insertional type of 
rearrangement - the piece of autosome is inserted into the X two-thirds of the 
way along its length (OnNo and CATTANACH, 1962). The "spreading effect" 
indicates that the inactivation is limited in the distance it may spread through 
the insertion, and hence the region of the X on the other side would not be 
expected to become inactivated. In view of the almost central location of the 
insertion it would seem most improbable that this would be the case unless the 
major portion of this region does not normally become inactivated. 
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'l'lie P055 1 1 )ilitV that 1u)f the whole N chromosome may operate on the mechan-
ism set; out by the iiiactive-X hypothesis has already been suggested by RUSSELL 
(I 9(4). In addition to her X-autosome translocation data (mentioned above) 
she pointed out, that; two closely linked (RUSSELL, personal communication) sex-
linked gencs..$parse-/ur (sp/) and scur/y (s/), which might be expected to show 
variegated Phenotypes in the hctcrozygous condition, do not do so. It would 
therefore be most significant if they were located on one side of the insertion, 
with the "variegating" genes on the other. It is already known that the insertion 
is closely linked (4.5%) to Tabby (Ta) (CATTANACH, 1961b), and, more recently, 
tests with Gyro (Gy), jimpy (jp), Brindled (M oJt) and Bent-tail (Bit) have estab-
lished the order as being Gy_insert,ion_MoIJt_Ta_Bn. (CATTANACI-1 unpub-
lished). jp lies between MoBr and Gy but its location with respect to the insertion 
cannot be determined since the rearrangement appears to inhibit crossing over 
in this region, i.e. no crossovers with jp have been detected. All the genes that 
cause variegation in the heterozygous female are located in the MOBT_Bn  region. 
The first point is therefore established; all the "variegating" genes are located 
on one side of the insertion, Gy and jp being behavioural mutants whose pheno-
types are usually expressed only in the hemizygote. At the other level there is 
sonic evidence that s/ lies on the opposite side of Bn from Ta, but the three-
point test was technioa.11y too difficult to allow a conclusive answer (WELSHONS, 
personal communication). Linkage tests of .sp/ with jp were therefore carried 
out and the results to date confirm WELsH0N's finding for the closely linked s/. 
The second point has not therefore been established; sf and sp/ do not lie on 
the opposite side of the insertion from the "variegating" genes, and since all 
other known sex-linked genes are located in the MOB'—Bn region, the possibility 
that the area beyond the insertion may not become inactivated cannot be tested 
at this time by genetical means. 
The cytological data are somewhat contradictory. Using females heterozygous 
for Cattanach's translocation, OHNO and CATTANACII (1962) have studied the 
differential staining (heteropyknosis) of one or other X in somatic prophase 
cells, and EVANS et al. (1965) have investigated the timing of DNA synthesis 
of the X chromosomes by labelling with tritiated thymidine. If heteropyknosis 
and late DNA synthesis are indicative of genetic inactivity, then the studies on 
the heteropyknotic X's suggest that the whole X, whether or not it includes the 
insertion, is inactive along its entire length. It should be pointed out that this 
finding does not support the "spreading effect" idea, but while the detection 
of irregular heteropyknosis in the region of the small autosomal insertion could 
be beyond the scope of the technique, an extensive length of non.heteropyknotic 
X chromosome could hardly be missed. On the other hand, the presumably more 
sensitive labelling studies indicated that while one X was late-labelling, the 
distal region labelled earlier, overlapping with the later labelling areas of the 
autosomes. This was so whether it was the normal or the rearranged X that was 
involved. EVAN8 et al. do not believe the difference in the timing of DNA syn-
thesis between the two X chromosome regions to be great enough to constitute 
evidence of incomplete X inactivation. Their data are, however, consistent with 
the "spreading effect" with one inactivation centre model. All the possible evi-
dence for a non-inactivating region of X is as yet hardly convincing, especially 
(:eiieli e control over the iiiactivation of autosomal genes 	 321 
since the conclusions from the genetical data rest solely on the supposition of 
a. single inactivation centre. In man there is limited evidence that every locus 
in the X may not be inactivated (see review by MCKUSICK, 1962), but it is 
difficult, to believe that in the mouse this situation might be so general that 
a region up to half the length of the X may not be involved in the inactivation 
process; in doing so it would destroy the inactive-X hypothesis as the mechanism 
of dosage Compensation. It would seem more probable that if the inactivation 
centre concept is to be accepted, there must be two or more inactivation centres 
per X chromosome; at least one must be located on each side of the autosomal 
insertion. 
During the course of the experiment a further observation was made on the 
nature of the variegation in /d(cc) females, it was found that as the animals 
aged, pigmented hairs began to appear in the regions that had earlier been clear 
white. This condition (leveloped uniformly over the white areas; there was no 
suggestion of a spread from the adjoining + areas which would have indicated 
pigment cell migration. or enzyme diffusion. There may be a variety of methods 
by which amelanotic pigment cells in the white areas could start to produce 
pigment, but in the light of the evidence for variable inactivation of the autosomal 
loci, it could be that in ageing animals the +C  allele is not so effectively in-
activated, i.e. in an increasing proportion of cells the +C  begins to operate. Such 
a concept is purely speculative, but if inactivity is equated to heteropyknosis 
which defines asynchronous DNA replication, then it might be suggested that 
the control over the timing of DNA replication in the insertion, and perhaps 
also in the X as a whole, becomes decreasingly less rigid in ageing animals. 
This might eventually lead to a loss of the chromosome. If true, this would 
provide a mechanism for the correlation between age of women and the frequency 
of X chromosome loss in their cells (JACOBS et al., 1961, 1963). 
Two points remain to be discussed. First, the high. selection line eventually 
differed from the low line with respect to the black/brown coat colour genes; 
the high line became homnozygous for the brown allele, while the low line became 
predominantly black. It therefore might be suggested that the brown allele was 
responsible for the greater amounts of white found in the coats of animals of 
the high line. This would he quite fascinating if true, but the lack of an association 
between the extent of white and the presence of one or other allele, observed 
both within the selection lines and in other non-experimental /d animals, makes 
this possibility most unlikely. . 
The final point concerns the association of the imperforate vagina condition 
with the translocation. Since the defect increased in frequency in the succeeding 
generations of the high line, it might be considered that it was more prevelant 
in females with high amounts of white. This is not so, for this difference could 
not be detected in animals within each line and, moreover, the condition also 
increased in succeeding generations of the low line, although to a less er degree. 
incptho d@f@ct our in §togk§ of normal nligo and i§ known to ho inhoritod 
(~60 review by GRUNEBERG, 1952) it seems likely that the increase in each line 
was solely due to random drift. However, that the translocation is here responsible 
for the condition cannot be excluded, for only /d females - as opposed to their 
c sibs - exhibited the defect. Since the imperferate vagina condition is also 
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found ainouiig 'I'vpe I Id females (those carrying the balanced rearrangement) 
ii , seems probable that, in Type 11 id females the defect is due to the abnormality 
of the X rather than to the unbalanced chromosome constitution. 
In conclusion, it is considered that the hypothesis of incomplete inactivation 
of the autosomal insertion superimposed upon random X-inactivation, best ex-
plains the observations in the present experiment. Fortunately it is possible to 
test this hypothesis. If a sex-linked coat colour gene is placed on the normal X 
of fd(cc) females, then its phenotype should only be seen if both the normal X 
and the +' autosomal gene on the XT occasionally function in the same cells. 
An experiment of this kind has been attempted using the sex-linked gene, 
Brindled (MoD'). The Mo"' phenotype was in fact detected, but further independ- 
ent observations suggested that the gene affects hair structure rather than hair 
colour. If this is true, the test with this particular gene is not a valid one. Further 
tests using other systems are now in progress. 
Summary 
Selection for high and low amounts of white (albino) areas in the coats of 
female mice, heterozygous for CATTANACH'S X-autosome translocation and varie-
gating for albino, was carried out over eight generations. A response was obtained 
in the high line only where the mean amount of white rose from the 30% level 
of the base population to approximately 50%. It was concluded from these 
restilt.s that X-inactivation is a random process, that associated autosomal loci 
may not always become inactivated when the X is inactivated, and that the 
frequency of inactivation of these autosomal loci is under genetic control. The 
influence of these conclusions on the current ideas on the inactivation process 
are discussed in the light of the genetical and cytological knowledge of the 
translocation. 
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number of X-autosome translocations have been described in the mouse, 
which in the heterozygous female show a variegated phenotype for autosomal 
genes attached to the X chromosome (CATTANACH 1961; RUSSELL and BANGHAM 
1961; RUSSELL, BANGHAM and SAYLORS 1962). The primary cause in each instance 
was considered to be the inactivation of the associated autosomal genes (CATTA-
NACH 1963; RUSSELL 1964) when the rearranged X is inactivated in the course of 
the normal process of X-inactivation (LYON 1961). Evidence substantiating this 
hypothesis for one of the translocations has been obtained using both genetical 
and cytological tests (LYON 1963; OHNO and CATTANACH 1962). 
Several of the rearrangements have involved the translocation to the X of 
autosomal regions carrying more than one marker gene and here it has been 
shown that there is a secondary mechanism responsible for the variegation. Auto-
somal loci remote from the break point tend to be less influenced by the inacti-
vation process than those lying closer to the break point (CATTANACH 1961; 
RUSSELL 1963), a phenomenon which appears to be analogous to the "spreading 
effect" observed in Drosophila V-type position effects (see review by LEWIS 
1950). Two clear mechanisms responsible for mouse translocation-induced varie-
gation thus exist, (1) that due to the random inactivation of the rearranged and 
normal X in each cell, and (2) that caused by the Drosophila-type position effect 
which operates only when the rearranged X is in its inactive, heterochromatic 
condition. Variegation due to the second mechanism alone may be observed in 
situations where the randomness of X-inactivation is suppressed (CATTANACH 
1966a). 
We have recently been able to show that the position effect variegation is under 
genetic control (CATTANACH and IsAAcsoN 1965); genotypic selection for large 
and small amounts of albino areas in the coats of mice showing a translocation-
induced variegation for albino was successful in establishing two lines of mice, 
one in which the autosomal (albino) locus was inactivated in every cell in which 
the rearranged X was inactivated, and another in which this was not always the 
case, i.e., the proportion of albino hairs was 50% in one line and 30% in the 
other. The data indicated that only one or a very few factors were responsible, 
and further investigations revealed that they were located in the rearranged X 
chromosome itself (CATTANAcH 1966b). 
Supported in part by U.S. Public Health Service Grant 1-11) 02446-01. 
2 Present address. 
Genetics 57 331-346 October 1967. 
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In the present communication we present a full description of the inheritance 
and behavior of the controlling factor (s) in the X chromosome, which will show 
that in these properties it closely resembles the controlling elements described in 
maize (MCCLINTOCK 1951, 1956), while retaining many analogies with the Dro-
sophila position effects. A brief description of the early results has already been 
reported (CATTANACH 1966c). 
MATERIALS AND METHODS 
The mice employed in the present experiments belonged to the two lines selected for high and 
low amounts of trans1ocation-iniuced variegation (CATTANACH and IsAAcsor'o 1965). Both lines 
carry the unbalanced form (Type II) of CATTANACH'S X-autosome translocation, i.e., animals 
possessing the rearrangement have a normal set of autosomes and, in addition, a small piece of 
autosome (linkage group I) bearing the wild-type alleles of two coat color genes, pink-eye (p) 
and albino (c), inserted into one X chromosome. When both linkage group I chromosomes carry 
the c allele, a c-variegated, or flecked (fd(cc)) phenotype is observed. Figure 1 illustrates the 
standard breeding procedures used in the selection lines, and the genotypes and phenotypes of 
parents and offspring. The rearrangement may also be transmitted through the male. To con-
form with the recommendations of the Committee on Standardized Genetic Nomenclature for 
Mice (1963) the translocation is hereby designated T(1;X)Ct, and the unbalanced (Type II) 
form, Dp(1;X) T(1;X)Ct, or Dp(1;X)Ct. 
In addition to c, two other unlinked coat color genes are present in the selection lines. The 
low selection line is homozygous for non-agouti (a) and brown (b) segregates with a low fre-
quency; the high selection line is homozygous for both genes. 
An inbred stock (JU/Fa) was also employed in some of the later crosses. It is homozygous 
for a and c. 
The selection procedure carried out in the two lines was the same as that described in earlier 
experiments (CATTANACH and IsAAcsoN, 1965). In the high line those fd(cc) females with the 
highest amounts of white (c) in their c-variegated coats were mated to c males from their own 
line. In the low line those females with the lowest amounts of white were selected and similarly 
mated. When the two lines were crossed together, the same selection procedure was adopted. This 
was carried out at the same time as a new selection generation was set up, and matched animals 
were used for the within- and between-line crosses. 
The method of assessing the amounts of white in the coats of the fd(cc) females was also the 
same as described previously. Since the variegation is often quite diffuse, the animals were 
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FIGURE 1.—The cross of Id(cc) females with c males. The straight line represents the auto-
somes of linkage group I and the wavy line the X (long) and Y (short) chromosomes. 
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simply classified into five 20%-range grades. Thus, females with extensive white areas were 
given a value of 5, i.e., 80 to 100%, and those in which it was minimal, 1, i.e., 0 to 20%. On this 
scale a mean level of 50% has previously been considered to lie halfway through grade 3, i.e., 3.5, 
but more accurate measurements, to be described, now show that 3.9 more closely approximates 
the true 50% level. All classifications were carried out by one of .us (J.H.I.) without knowledge 
of the identity of the animals. 
In the course of the studies it was considered advisable to test the subjectivity of the scoring 
procedure. Fifty-nine mice, showing the complete range of variegation normally encountered, 
were scored as accurately as possible with an attempt being made to estimate the amount of 
white to the nearest 5%. They were then killed and all the hair shaved off, with care taken to avoid 
cutting any hair more than once. The hair was then suspended in 400ml of a 0.5% wetting 
solution which was then stirred until all the clumps dispersed. Using a wide-mouthed (0.5cm) 
pipette, a 3ml aliquot was transferred to a 20m1 vial, and 3m1 ether added. On shaking, the hair 
collected in the ether layer, when it was gathered together with fine forceps and transferred to a 
tube containing lOml of a molten agar solution. After dispersing the hair once more, the solution 
was poured onto a petri plate, and when set, the white and pigmented hairs were counted under 
a dissecting microscope. The white hairs were counted on a black background, and the pigmented 
hairs on a white background. This test could only be satisfactorily carried out on fd(cc) animals 
showing the variegation on a black (b+) background; b hairs could not be so clearly distinguished 
from c hairs under the microscope. 
RESULTS 
The true level of variegation in the selection lines: The results obtained with 
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FIGURE 2.—The accuracy of estimating the amounts of c-variegation in the coats of fd(cc) 
females. The points indicate the mean scores of animals within each 5% level. The range at each 
level is also shown. 
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in the coats of fd(cc) females were too high. This is demonstrated in Figure 2, 
where the estimated percentages of white areas are plotted against the percentages 
of white hairs calculated from the counts on hair samples. It can be seen that near-
accurate figures are only obtained at the lowest levels of variegation, and the true 
50% level is equivalent to an estimated level of about 70%. 
In order to determine the true mean level of variegation in the selection lines, 
estimates of the amounts of white were made on animals of the 12th generation 
of both high and low lines. This procedure yielded mean scores of 70.66% and 
48.23% for the high and low lines, respectively. Using the curve of best fit in 
Figure 2, the true percentages for individual animals were then determined from 
their estimated percentages, and true mean percentages were calculated. The 
high line then showed a mean level of 51.47%, and the low line, 32.25%. The 
equivalent scores obtained with the grading procedures were 4.05 and 2.92, 
respectively. From the former figure a mean grade of 3.93 can be calculated to 
be equivalent to a true 50% level. An independent figure cannot be obtained from 
the low-line data because of the much stronger bias created by the nonlinearity 
of the estimated percentages. 
Crosses of two lines: In order to determine whether the factor(s) controlling 
the position effect variegation are located in the X chromosome or in the auto-
somes, reciprocal crosses were made between the selection lines. Two types of 
crosses were set up, one in which the rearranged X (XT) was transmitted through 
the female, and the other, through the male. 
(1) Transmission of the XT through the female: The 20 fd(cc) females with 
the highest amounts of white, and the 20 with the lowest, were selected from the 
ninth generation of the high and low lines, respectively. Ten from each line were 
mated with c males from their own line, and the remaining two groups of ten, to 
c males from the opposite lines. The results of the four types of mating are shown 
in Table 1. It can be seen that the amount of white clearly follows that of the 
maternal line; the mean grades of the reciprocal crosses are significantly different 
(t117 8.27; P<0.001), as are the distributions (X2 = 28.05). The results thus 
fully substantiate the preliminary experiments (CATTANACR 1966b). 
It may be noted that the cross of the high-line females with low-line males 
yielded fd(cc) offspring with a lower mean grade than those of the pure high- 
TABLE I 
The results of crossing the high (H) and low (L) lines, the XT  transmitted through the female 
X FXN  daughters 
Cross Numbers in each grade 
XTXX X X'V 1 2 3 	4 5 Mean grade 
H x II 0 0 16 	29 10 3.89 ± 0.09 
H x L 0 0 31 30 1 3.52 ± 0.07-i 
L x H 0 22 30 	3 0 2.66 ± 0.08+ 
L x L 1 10 22 4 0 2.78 ± 0.11± 
Brown background Coat color. 
j Black background Coat color. 




The results of crossing the high (H) and low (L) lines, the XT transmitted through the male 
XTXN daughters 
	
- Cross 	 Numbers in each grade 
X'X' X 1 	2 	3 	4 	5 	 Mean grade 
H x H 	 0 1 	27 lJ 7 3.71 ± 0.05' 
L x H 0 	12 59 	33 	0 	 3.20 ± 0.06± 
JU/Fa x H 	 0 2 	46 38 0 3.42 ± 0.06± 
H x L 	 3 	15 	25 	9 	0 	 2.77±0.11± 
L x L 4 28 26 11 0 2.64±0.10± 
JU/Fa x L 	 0 	10 	28 	5 	9 	2.88 ± 0.00± 
Brown background coat color. 
Black background coat color. 
line matings. The cause has been found to be the bb+ coat color difference 
between the two groups, the interpretation of which will be discussed later. 
(2) Transmission of the XT through the male: Fifteen translocation-bearing 
(Type II) males from the high line and 13 from the low line were mated with c 
females of both lines and also with c females of an unrelated inbred stock 
(JU/Fa). The results are shown in Table 2. It can be seen that in this type of 
cross the level of white in the fd(cc) offspring follows that of the paternal line; 
the mean grades and distributions of the reciprocal crosses are significantly differ-
ent (t155 = 6.12; P<0.001; and x 2  = 11.89) as are those of the two JU/Fa crosses 
(t, 28 = 5.01; P<0.001 and x = 13.68). It must be concluded from the results 
shown in Tables 1 and 2 that the factor(s) responsible for the control of the 
position effect variegation are located in the rearranged X chromosome itself; any 
autosomal effect other than that of the b locus was not detected. The wide spread 
of the distributions over the various grades is, of course, due to the randomness 
of the X-inactivation process which is the primary cause of the variegation. 
(III) The brown black background coat-color effect: The nature of the bb+ 
effect is not clear, but an analysis of backcross animals has revealed that the mean 
grade of b females is always higher than that of their b+ sibs. This is illustrated 
in Table 3 which presents the results of backcrossing F 1 animals to the high selec- 
- TABLE 3 
The influence  of background coat color on the estimated level of c-variegation 
-__XTX daughters 
Cross 	 Black 	 Brown 
No. 	Mean grade 	 No. 	Mean grade 
XTXN x XY 
F, (L) x H 	 18 	2.78 ± 0.15 	 32 	3.22 ± 0.11 
XX X XTY 
H x F, (H) 66 	3.37 ± 0.08 	 47 	3.56 ± 0.10 
H x F, (L) 53 2.87 ± 0.09 37 3.30 ± 0.09 
F, (H) and F,(L) represent F, animals possessing an XT from the high (I-I) and low (L) lines, respectively. 
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tion line. The characteristically higher grade for b animals may represent a true 
genetical influence of the b locus, or it may only be due to an optical bias in 
scoring the amounts of white on the lighter background. The latter interpretation 
perhaps finds support in the observation that in the hair-counting procedures b 
and c hairs are not so clearly distinguishable from each other as are b+ and c hairs. 
In order to eliminate the bb+ variable from all further data to be presented, 
crosses have been set up which do not produce any b offspring. 
Inheritance of the controlling factor(s). The data so far presented establish 
that the factor(s) controlling the position effect variegation are located in the 
rearranged (XT) chromosome. They could lie either within the autosomal inser-
tion, or in a region of the X chromosome itself. The former possibility is unlikely, 
however, for the translocation is the same in both the high and low selection lines 
and, since the inverted nature of the insertion (OHNO, personal communication) 
prevents the recovery of crossover products, differences could only occur by 
mutation. It is more probable that it is the X chromosomes that differ and, if 
this is so, the position effect-inducing properties of each XT  may be altered by 
recombination. The constancy of each XT  in causing the level of c-variegation 
typical of the line from which it came was, therefore, followed over three gener-
ations of crosses. This could not be achieved with the quantitative studies so far 
described; it can, however, be achieved with a progeny-test system in which the 
mean score of the progeny may accurately identify the genotype of the tested 
TABLE 4 
The genotypes of F 1  males from crosses of low-line X" females x high-line X males 
based upon the phenotype of their daughters 
Tested F 	 X'XN daughters 
Family group 	Individual male 	 Number 	 Mean grade 	 - 
2 	 21 	 17 	 3.12±0.17 
3 	 1 h 	 36 	 2.60 ± 0.10 
3 f 24 2.79 ± 0.15 
5 1 h 36 3.67 ± 0.09 
2 g 30 3.40 ± 0.12 
2 h 27 3.26 ± 0.13 
2i 29 3.52±0.11 
7 2m 29 2.86±0.11 
2 n 27 2.37 ± 0.16 
8 2 h 24 3.21±0.13 
5 f 32 2.66 ± 0.12 
Ge 23 3.09±0.14 
9 2e 22 3.45±0.11 
3 h 17 3.12 ± 0.12 
10 1 	c 43 2.72 ± 0.12 
4 d 20 2.70 ± 0.13 
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parent with respect to the factor(s) controlling the position effect variegation. 
Differences between the scores will be due almost exclusively to differences 
between these factors, for the influence of the randomness of the X-inactivation 
process will be balanced out among the offspring. In the data to be presented, all 
the progeny tests are based on at least 18 classified daughters per male unless 
otherwise stated; numbers in excess of this were never found to alter the result 
of a test. Females were not progeny tested for they produced too few daughters 
of the required chromosomal type. 
(1) The XT from the low line: Since the controlling factor (s) are located in the 
XT, any changes that might occur as a consequence of crossing the two lines will 
only be detectable in the F 2, or in later generations. Before searching for such 
changes, F 1  males were first tested to see if they bred as expected, i.e., although 
they are hybrids they possess only a single X, the XT,  and a Y, and hence they 
should produce daughters with a mean level of variegation typical of the line 
from which the XT  was derived. Sixteen F 1 males whose XT  was derived from the 
low line were progeny tested against JU/Fa females. The results, shown in 
Table 4, were not those expected; both high- and low-breeding animals were 
present, i.e., the distributions and mean grades of the populations of daughters of 
individual males fell either within those of the high or within those of the low 
selection lines (on the b+ background). It should be noted, however, that the two 
types of male tended to occur in separate families. This observation strongly sug-
gests that there are two different XT chromosomes segregating in the low line, 
but the fact that the two types of male may appear within a family (see Table 4, 
family 8) suggests that changes in the XT can occur. 
The indication that there are two types of XT segregating in the low line 
prompted us to search for other pertinent evidence. First, a number of males 
from the low line were progeny tested against JU/Fa females and here both high-
and low-breeding animals were again found (Table 5). Second, the history of 
TABLE 5 
The genotypes of low-line males 
Tested low-line male 	 XTNX daughters 
Family group 	Individual male 	 Number 	 Mean grade 
I 	g 32 2.53±0.13 
It 64 2.70 ± 0.27 
4 2c 21 2.81±0.15 
5 2e 18 2.89±0.14 
g 22 2.91 ± 0.13 
5A 2 e 35 2.69 ± 0.11 
6 3h 20 3.50±0.15 
9 1 g 18 3.67±0.14 
10A 	 2 g 	 34 	 3.44 ± 0.10 
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G E N E RATION 
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FIGURE 3.—The effect of selection upon the frequency of the various XT chromosomes in the 
low line. The ten original XT chromosomes are designated A,B,C, etc., and are here regarded as 
fixed and unchanging units. The cross-hatched squares represent females one or more of whose 
sons have been progeny tested. The lighter cross-hatching represents a demonstrated low geno-
type, the heavier a high genotype. One female produced both types of sons. 
the low selection line was examined. It was found that, if each of the ten XT 
chromosomes, introduced in the first generation, was regarded as a fixed and 
unchanging unit, only two were still present after six selection-generations. 
Thereafter, these two chromosomes segregated within the stock, one with a low 
frequency. When the progeny-tested males from both the low line and the 
equivalent F1  cross were investigated to see which of these two chromosomes they 
possessed, a clear picture emerged (partially demonstrated in Figure 3). The 
low-breeding males tended to have one of these chromosomes and the high-
breeding males the other, the latter being present with a lower frequency. In all 
there were only two exceptions to the rule among 25 animals examined (Table 4, 
male 8.5f; Table 5, male 6.3h). There is thus convincing evidence for the exist-
ence of two types of XT  within the low line, these differing with respect to the 
level of position effect variegation that they induce. A similar study of the 
normal X chromosomes showed that the early family selection that had been 
applied to c males (see CATTANACH and ISAACSON 1965) had reduced the number 
to one after only three generations. With this information the results of the F. 
cross can now be evaluated. 
Thirty-four F2 males whose XT  was derived from the low line were progeny 
tested (Table 6) in the same manner as the F 1 males. Twenty-two of these, on 
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TABLE 6 
The genotypes of "2 males whose XT  is derived from the low line 
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Family Expected No. males No. unexpected 
group genotype Individual mean scores of F, males tested genotypes 
1 LOW 2.76 ± 0.18; 2.81 ± 0.17 2 0 
2 Low 2.67 ± 0.14; 2.71 ± 0.09; 2.82 ± 0.21 3 0 
3 Low 2.78 ± 0.21; 2.38 ± 0.16; 2.82 ± 0.22 10 0 
2.93 ± 0.13; 2.88 ± 0.12; 2.56 ± 0.12 
2.83 ± 0.16; 2.44 ± 0.15; 2.80 ± 0.17 
2.31 ± 0. 20* 
4 High 3.57 ± 0.08 1 0 
5 Low 2.65 ± 0.18 ; 2.84 ± 0.15 2 0 
6 Low 3.23 ± 0.11; 3.17 ± 0.14 2 2 
7 High 2.63 ± 0.12 1 1 
8 High 2.75 ± 0.14; 2.95 ± 0.10 2 2 
9 High 3.43 ± 0.10 1 0 
10 High 3.55 ± 0.09; 3.69 ± 0.16; 3.67 ± 0.11 7 0 
3.68 ± 0.10; 3.32 ± 0.10; 3.37 ± 0.10 
3.76 ± 0.12 
15 Low 3.44 ± 0.11; 2.81 ± 0.15; 2.47 ± 0.11 3 1 
• Only 15 daughters classified. 
Brackets indicate closely related families. 
the basis of their pedigree, possessed the low XT  and all but three bred as expected; 
the three exceptions bred like high-line animals. Twelve of the tested F 2 males, 
on the basis of their pedigree, possessed the high XT  and nine bred as expected; 
the remaining three exceptions bred like animals with a low XT.  Changes had 
thus occurred in both directions, i.e., high to low and low to high, and it was also 
found that these new changes did not appear randomly among the tested animals, 
but rather in family units. It should be stressed that the exceptional individuals 
were related by way of their X" parents, not by way of their XN  parents unless 
they were full sibs. The exceptional animals were detected in only three families, 
the XT  lineages of which are shown in Figure 3. 
Figure 4 (Case A) shows the lineage of one family of low XT origin in which 
two high-breeding animals (h and i) were recovered in the F 2 . These two excep-
tional animals (see Table 6, family 6; cf. relatives in family 5) may represent 
two new independent changes or it is possible that the mother (d) may have 
been the original exception. In this example it might be suggested that technical 
error could account for the observations, e.g., female (d), through error, might 
have been an animal of high XT origin, but in the next case (Figure 4, Case B) 
at least two events must have taken place (see Table 6, families 7 and 8) and it 
is most improbable that two mistakes should have been made within one family. 
This family was of high XT  origin and three low-breeding exceptions were de-
tected in the F 2 . The third case (Figure 4, Case C) was the most interesting. In 
this family, exceptional animals were detected in both the F 1 (see Table 4, family 
8) and the F2 (see Table 6, family 15). Technical error here is quite untenable 
as an explanation. The combined data suggest that within the three families 
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FIGURE 4.—The XT lineages of the three families in which changes in the XT were detected. 
Females are represented by circles and males by squares. 
there is some system by which XT chromosomes—or the controlling factor(s) 
within these chromosomes—may change in their inactivating properties. 
(II) The XT  of the high line: Nineteen F 1 males whose XT  was derived from 
the high line were also tested against JU/Fa females. The results illustrated in 
Table 7 show that two of the 19 tested males did not breed as expected ; they bred 
instead like animals with a low XT.  This finding suggests that just as in the low 
line two types of XT  may be present in the high line. Tests of pure high-line 
males, however, were unsuccessful in detecting further exceptional animals, and 
an examination of the history of the line showed that only a single XT  and a 
single XN  were present. These results perhaps cast some doubt on the two excep-
tional F1 males representing changes in the XT  chromosomes. The two males 
were not closely related. 
Progeny tests on 22 F 2 males were also carried out but no exceptions were 
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TABLE 7 
The genotypes of F 1 males from crosses of high-line XT females x low-line X' males 
based upon the phenotype of their daughters 
Tested F1 	 XX daughters 
Family group Individual male Number Mean grade 
1 4f 24 2.92±0.15 
g 18 3.17 ± 0.15 
4 3d 23 3.13±0.14 
5 1  25 3.28±0.14 
23 3.30 ± 0.13 
14 3.29 ± 0.16 
6 2e 26 3.12±0.16 
7 2h 22 3.52±0.14 
4e 16 3.25±0.14 
f 22 3.50 ± 0.13 
8 1 k 11 3.18 ± 0.18 
2 j 19 2.90 ± 0.19 
k 17 3.29 ± 0.17 
9 2i 19 3.26±0.15 
24 3.29±0.17 
10 3 f 25 3.36 ± 0.11 
g 32 3.50 ± 0.10 
h 21 3.33 ± 0.17 
5 f 29 3.17 ± 0.11 
TABLE 8 
The genotypes of P, males whose XT  is derived from the high line 
Family Expected No. males No. unexpected 
group genotype Individual mean scores of 11 2 males tested genotypes 
1 High 3.38 ± 0.15; 3.33 ± 0.16; 3.25 ± 0.13 3 0 
2 High 3.63 ± 0.10; 3.81 ± 0.11 2 0 
6 High 3.52 ± 0.13; 3.41 ± 0.12 2 0 
8 High 3.35 ± 0.13; 3.43 ± 0.18; 3.52 ± 0.13 
3.44±0.10 4 0 
10 High 3.4.0 ± 0.13 1 0 
12 High 3.45 ± 0.14; 3.27 ± 0.3; 	3.33 ± 0.11 
3.21 ± 0.13 4 0 
14 High 3.54 ± 0.11; 3.64 ± 0.09; 3.78 ± 0.08 3 0 
15 High 3.64 ± 0.10 1 0 
Only 16 daughters classified. 
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detected (see Table 8). It would, therefore, seem that few, if any, changes occur 
in the XT  of the high line, even when it is introduced into an otherwise low-line 
genetic background. 
DISCUSSION 
The data presented in Tables 1, 2 and 3 show that there is a factor (or factors) 
located in the rearranged X chromosome which controls the extent of the position 
effect variegation in Dp(1;X)Ct heterozygotes. this being superimposed upon the 
random X-inactivation process. XT  chromosomes may, therefore, be considered 
to differ in their ability to inactivate associated autosomal loci. The spread of the 
inactivating properties of an X chromosome is under the genetical control of the 
X—or of a factor or factors in that X. The study of the line of mice selected for 
high levels of c-variegation indicated that only one type of XT  was present, but 
in the low selection line two different XT chromosomes were identified; one causes 
a low level of position effect variegation and the other a higher level, similar to 
that of the high-line XT.  The presence of these two XT  chromosomes in the low 
line has recently been verified by separating the line into two sublines on the 
basis of the XT pedigree analysis (Figure 3). This was carried out on both the 
original background and in repeated backcrosses to an unrelated inbred (JU/Fa) 
and, in each case, the two sublines showed mean scores that were significantly 
different from each other. The question thus arises as to how various XT  chromo-
somes have come to differ, for every XT  is derived from the one original trans-
location. 
Before considering this problem it is necessary to establish beyond all doubt 
that the classification of animals into high or low XT  categories is not confused 
by any possible influence of autosomal genes or of the genetic background as a 
whole. It has been shown that brown (b) in the homozygous condition has a 
definite affect upon the scores (see Tables 1,2 and 3) but, by whatever mechanism 
this is achieved (true genetical effect or optical bias), it cannot have influenced 
the results of the progeny tests for, here, no b animals were produced. The possi-
bility that b in the heterozygous condition might influence the level of variegation 
has also been extensively investigated but no consistent or significant differences 
between the mean scores of b+/b+ and b+/b animals has ever been detected (see, 
for example, Tables 1 and 2). Major or minor spotting genes might also he ex-
pected to enhance the level of variegation but is known that neither is present in 
the selection lines; their phenotypes would be immediately apparent in the non-
variegated translocation-bearing males. 
In Drosophila, variegated-type position effects are clearly susceptible to changes 
in the genetic background. For example, the addition or removal of heterochro-
matin suppresses and enhances, respectively, the level of variegation (see review 
by LEwIs 1950). It therefore would be expected that the position effect variega-
tion here described in the mouse would be influenced by the genetic background. 
However, it is highly improbable that this could have influenced the progeny 
tests. In all the critical tests on the inheritance of the translocation (Tables 4, 6, 
7, 8), the tested animals were either F 1 crosses or F2 backcrosses of the two selec- 
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tion lines, and their genotypes were determined from the mean score of the 
phenotypes of their respective daughters, these obtained in an outcross to a 
standard inbred line (JU/Fa). The scoring was thus carried out on animals of a 
fairly uniform hybrid background. While a genetic background effect might 
possibly be uncovered by repeated backcrossing to a number of unrelated strains, 
no such effect was detected in the limited number of crosses so far attempted. It 
must, therefore, be concluded that the mean level of c-variegation observed in a 
population of females, whether derived from one particular selection line or from 
one particular male is, in effect, due exclusively to the controlling factor(s) in 
the rearranged X chromosome. 
As mentioned earlier, the difference between the various XT  chromosomes 
could reside either within the autosomal insertion or within the X chromosome 
itself. The former possibility is unlikely since any change in this region would 
have to be due to a mutational event. The finding that new changes occur, and 
with a high frequency in certain families, makes this hypothesis quite untenable; 
the difference between XT chromosomes must reside in the X chromosome region, 
i.e., the factor (or factors) which controls the inactivating properties of an XT 
differ in different X chromosomes. It may then be postulated that there are 
"alleles" of different "strengths" at the X-chromosome controlling-locus and that 
this locus lies some distance away from the autosomal insertion such that crossing 
over can occur between them and be the mechanism by which changes in the XT 
arise. This system could satisfactorily explain many features of the data: e.g., the 
instability of the two XT  chromosomes in the low line, where, presumably, there 
would also be two equivalent XN  chromosomes; the appearance of new changes 
only among the offspring of certain (heterozygous) females; the relative stability 
of the single XT  in the high line where, presumably, there would be few XN 
chromosomes that differ with respect to the controlling factor. Other portions of 
the data cannot be so satisfactorily explained, however: e.g., the apparent sta-
bility of the high line XT in the crosses; the instability of the high XT of the low 
line in the crosses; the very high frequency of new changes within families with, 
in one case, changes occurring over two successive generations. These observa-
tions make it seem improbable that crossing over is responsible for the changes in 
the XT,  but because of the many technical difficulties of the system, a final ruling 
would be perhaps unwise at this time. 
Also, at variance with the crossover hypothesis is a recent observation that 
intermediate XT chromosomes appear to exist. Two males have been found which 
in spite of extensive testing (50 to 60 daughters scored) cannot fairly be placed 
in either the high or low categories. If this is not an artefact, other forms of the 
XT almost certainly will exist and be inherited in family units. The appearance 
of three or four males with exceptionally low progeny-test scores (Table 6, 
families 3 and 15) might possibly represent such further variant forms of the XT. 
A more variable genetical system would seem to be necessiry—one that can 
account for inherited instabilities. 
In maize there are many well established systems of genetic instabilities 
(BRINK 1964a; MCCLINTOCK 1951, 1953, 1956, 1965). Elements have been identi- 
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fied which control and regulate the function of associated structural genes, 
switching them on and off at precise times in development and with precise fre-
quencies. Many of the systems involve two elements, one which controls the 
action of the structural gene and the other which regulates the action of the 
controller element. Both elements may undergo changes—"changes in state"—
which result in altered expressions of the structural gene. Such changes result 
in the appearance of unstable, mutable "alleles" at the locus affected. These con-
trolling elements were only recognized because of their ability to be transposed 
from one location in the chromosome complement to another and, when in certain 
states, because of their association with chromosome breakage at the point where 
they are located. It is believed that these elements are heterochromatic in nature 
and although this has not been proved, many lines of evidence indicate that this 
is so. 
It is clear that there are many anologies between the position effect variegation 
found in Drosophila and the mouse and the maize genetic instabilities (see also 
BRINK 1964b; MCCLINTOCK 1950, 1951). In each case heterochromatic regions 
of the chromosomes appear to be involved (although in maize there is no direct 
cytological evidence for this) and when such regions are brought into close 
association with one or more structural genes normally located in euchromatic 
regions, inactivation of these genes may occur—an effect which is reversed when 
the heterochromatic region is removed. The changes in the XT  observed in the 
present experiments appear to demonstrate a further analogy between the position 
effect variegation described in the mouse and the maize controlling-element 
systems. In both systems the factors, or elements, controlling the action of the 
associated structural genes are subject to change by a process which is inde-
pendent of meiotic crossing over. The high to low and low to high changes in the 
mouse XT  chromosome may thus be regarded as "changes in state" of the factor 
controlling the position effect variegation. If this is so, then other quantitative 
and, perhaps also, qualitative changes might be expected. The two extensively 
tested animals with intermediate XT  chromosomes may be examples of this. Also 
pertinent is the fact that in maize, "changes in state" occur in mitotic cells, and 
it has been amply demonstrated that if they occur in sporogenous cells they may 
be transmitted to the next generation. If the same situation exists in the mouse, 
then changes occurring in primordial germ cells would tend to result in clusters 
of offspring with a changed XT,  and this, in fact, is what has been found. 
To conclude, a controlling-element system, similar to oneof those reported in 
maize, could account for the observed inheritance of the control of the inacti-
vating properties of the mouse X chromosome. The alternative hypothesis, cross-
ing over between the controlling factor and the autosomal insertion, could 
account for many parts of the data but runs into difficulties with others. It is 
possible, however, that crossing over may be partly responsible for the changes 
occurring in the XT; a controlling factor, or element, maybe located some distance 
away from the insertion so that XT  chromosomes may change in their inactivating 
properties either by exchanging their controlling element for that of the X by a 
crossover process, or by the controlling element undergoing a "change in state". 
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The two events should be distinguishable in certain crosses and this is being 
investigated. Whatever the mechanism of change, the element exhibits similari-
ties with the X chromosome controlling-element of Sciara. This element, located 
in a terminal heterocinomatic segment of the short arm of the X has been shown 
(GROUSE 1960) to be responsible for the "precocious" behavior and subsequent 
elimination of this chromosome during spermatogenesis and in the early somatic 
divisions of the embryo. The mouse controlling element may also be equated to 
the postulated X chromosome "inactivation center" (GRUMBACH 1964; LYON 
1964; RUSSELL 1964), at least insofar as it is responsible for the spread of the 
inactivating properties of the X across the adjoining autosome. 
RUSSELL and MONTGOMERY (1965) are attempting to locate the X chromosome 
"inactivation center" by crossover tests using several translocations and sex-
linked marker genes. Almost certainly the systems in each translocation must be 
the same as that described in the present paper and, here, it has been shown that 
the controlling element or "inactivation center" must be located very close to the 
autosomal insertion, i.e., within the Ta-/p region of the X-chromosome linkage 
map. This leaves the question open as to whether only one, or both, parts of the 
divided (and normal) X chromosome is inactivated and also the related question 
of whether there is only one, or several, "inactivation centers" (see CATTANACH 
and ISAACSON 1965). On these points it will be most interesting to see what agree-
ment is reached on the location of the "inactivation center" from all the X-auto-
some translocation data. 
SUMMARY 
The control of the extent of position effect variegation, expressed in CAT-
TANACH'S X-autosome translocation (T(1;X)Ct) when the rearranged X is in 
its heterochromatic, inactive state, was found to reside in a factor located in the 
X chromosome. Two, or perhaps three, forms of this factor have been identified, 
these differing in their position effect-inducing properties and each is capable of 
changing with respect to these properties. The changes are considered to be analo-
gous to the "changes in state" of the controlling elements described in maize—
elements which are considered to play a regulatory function in differentiation. 
The possibility that meiotic crossing over may be the mechanism by which some 
of the changes take place cannot yet be excluded, however. 
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1SJIVIi41 
Females heterozygous for the T(1; X)Ct X-autosome translocation 
tend to have lower levels of c-variegation when their rearranged X is 
inherited from the father rather than from the mother. The difference is 
not due to a maternal effect. It is postulated that a paternal or parental-
source effect, such as that found to modify position effect variegation in 
Drosophila, is operating but the possibility that a bias in the inactivation 
of the maternal and paternal X chromosomes is responsible cannot be 
ruled out. 
1. INTRODUCTION 
The variegation associated with the mouse X.-autosome translocations (Cat-. 
anach, 1961a; Russell & Bangham, 1959, 1961) appears to be dependent upon the 
X-inactivation process (Lyon, 1961), for it is not found in the hemizygous male 
XT Y) or single-X female (XTO) but only in the heterozygous female (XTX)  or the. 
xceptiona1 male (XTX  Y) (Cattanach, 1961 a, b). Two mechanisms are considered 
o be responsible. It is thought that most of the variegation is due to the inactiva-
ion of the rearranged autosomal genes in those cells in which the rearranged X 
XT) is in its inactive, heteroéhromatic condition. The random inactivation of one 
r the other X thus gives rise to a variegated phenotype for the rearranged autoso-
nal genes. A second source of variegation also exists, however. This is thought to 
e analogous to the V-type position effects described in Drosophila (see reviews by 
3aker, 1968; Lewis, 1950). Suppression of activity of the rearranged autosomal 
enes does not always follow XT  inactivation, and the more remote the autosomal 
ocus from the break point the less susceptible it is to the inactivating influence of 
he heterochromatic X, i.e. there is a 'spreading effect' (Cattanach, 1961; Russell, 
.963).. 
Although X-inactivation appears to be a random process, the mechanism 
ausing the Drosophila-type position effect variegation is under genetic control 
Cattanach & Isaacson, 1965, 1967). Located in the X chromosome is a controlling 
lement which is closely linked to the T(1; X)Ct break point and alternative 
states' of the element have been found which permit different levels of T(1; X)Ct 
osition effect variegation. The influence of the 'states' is not limited to the posi-
ion effect variegation, however. The heterozygous phenotypes of at least two 
c-linked genes are similary modified and it would therefore seem probable that the 
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primary effect is upon the inactivation of the X itself (Cattanach, Pollard & Perez, 
1969). 
The present communication reports a second factor which modifies the variega-
tion associated with the T(1; X)Ct X-autosome translocation. A small but consis-
tent difference has been found between the levels of variegation of females derived 
from reciprocal crosses and the data indicate that this is not due to some effect of 
the mother's genotype or cytoplasm but to whether the source of the XT  was 
maternal or paternal. It is not clear whether the responsible mechanism operates 
upon the randomness of the X-inactivation process or upon the position effect 
variegation. 
2. METHODS AND MATERIALS 
The translocation, T(1; X)Ct, is one in which a piece of linkage group I bearing 
the wild type alleles of pink-eye (p) and albino (c) has been inserted into the X-
chromosome (Cattanach, 1961'a; Ohno & Cattanach, 1962). In the experiments to 
be described all the translocati on-bearing animals carry the chromosomally unbal-
anced duplication form, Dp(1; X)Ct, of the rearrangement and albino (c) is present 
on both normal linkage group I chromosomes. The heterozygous female thus 
exhibits a c-variegated or flecked phenotype and this is normally observed on a 
non-agouti (a), black (b+) background coat colour. In the present communication the 
term Dp will be applied to both Dp(1; X)Gt heterozygotes and hemizygotes. 
All the Dp animals carried one or the other of the two alternative 'states' of the 
controlling element in their XT  chromosome. The 'state' designated high permits a 
near-50 % level of c-variegation, that designated low, a near-30 % level. The dif -
ference is attributed to the frequency of XT-inactive cells in which the rearranged 
c gene is inactivated (Cattanach & Isaacson, 1965, 1967). 
An indication that the levels of variegation of females derived from reciprocal 
crosses might differ was present in some earlier data on the controlling elements 
(Cattanach & Isaacson, 1967), but since the difference was small and therefore an 
inconsistent feature of the few data in which other possible factors could be con-
sidered reasonably controlled, the validity of the observation was not recognized. 
The first clear evidence of a reciprocal cross difference was obtained when the 
'two' states of the controlling element were isolated and established in two sublines 
of an inbred stock (JTJ/Fa). The sublines were routinely maintained by repeatedly 
backcrossing the Dp females of each generation to JilT males. These crosses pro-
vided the maternal XT  females; the paternal XT  females were produced in progeny 
tests that were carried out on all Dp males. The tests involved crossing the males tc 
a series of JilT females and deducing their genotypes with respect to the 'state' ol 
their controlling element from the mean level of variegation of their daughters 
The paternal XT  and maternal XT  females to be compared were thus derived froir 
reciprocal crosses. This type of data was only available in the third generation oi 
each subline; after the second generation of inbreeding the Dp male which normally 
exhibits a low viability (Cattanach, 1961) became a lethal class. 
A second set of data indicating a reciprocal cross difference was obtained witi 
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crossbred derivatives of the two sublines. Progeny tests on Pp males, produced by 
outcrossing the increasingly inbred females of each generation, yielded large groups 
of paternal XT females. In the absence of reciprocal cross data, the scores on these 
females were compared with those of the F1 outcross maternal XT  females of the 
preceding generation. The justification for this comparison will become apparent 
when the data are presented. A more detailed description of the sublines and crosses 
is described elsewhere (Cattanach et al. 1969). 
When the reciprocal cross difference was first observed it was thought that 
selection might be operating differentially on the viabilities of the Dp females pro-
duced in the two types of cross. The rationale was as follows. (a) It is known that 
the viability of the hemizygous Dp male is very low and that that of the heterozy-
gous Pp female is somewhat reduced (Cattanach, 1961 a; Cattanach & Isaacson, 
1965), (b) it is reasonable to suppose (in the absence of evidence) that the degree 
of reduction in Dp female viability will be proportional to the number of cells with 
the autosomal duplication (or XT)  genetically active, (c) it is then likely that any 
factor which enhances viability will allow the survival of those Pp females possess-
ing greater number of cells with the duplication genetically active. It should be 
noted that the argument rests on the assumption that the proportion of cells with 
the duplication active will tend to be the same in all cell types. There would then be 
a correlation between reduction in viability and extent of pigmented areas in the 
coat. 
On this basis, there are at least two mechanisms by which Pp female viability 
might differ in reciprocal crosses. The first and most likely is that Dp females, being 
less viable and somewhat less healthy, would provide a poorer pre-natal and post-
natal environment for their progeny than the chromosomally normal c females of the 
reciprocal cross. The second possibility is that some autoincompatibility between 
the c mothers and their c progeny might exist such as has been demonstrated by 
Hull (1964, 1968) in his studies with the agouti and hi8t0compatibility-3 loci. A 
histocompatibility locus (H-4) may be carried in the piece of linkage group I 
translocated to the X and, if the allele differes from that of the inbred stock, might 
favour the survival of Pp progeny of c females over their c sibs. 
In order to test for an inviability/pigmentation correlation the viabilities of the 
Dp females produced in all crosses were calculated. Pre-natal viability was esti-
mated from the ratio of Pp (dark-eyed) females to c males at birth and the post-
natal viability from the ratio of Pp females at birth to that at 3 weeks of age. The 
estimate of the pre-natal viability is reduced by the sex ratio but allows comparison 
Df equivalent data in reciprocal crosses. 
In the absence of any selective effect on the viabilities of Pp females, it is difficult 
10 imagine how the maternal environment or maternal cytoplasm could influence 
bhe level of pigmentation of the Pp progeny. The observation that more pigmenta-
bion is found in the variegated daughters of females that do not carry the XT  seems 
bo be a variance with any simple maternal effect interpretation. However, in order 
bo determine whether the observed reciprocal cross difference was due to any such 
ffect, a comparison was made of the levels of variegation exhibited by paternal 
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XT daughters of Dp and chromosomally normal mothers. These were produced by 
crossing Dp females and their c sibs with Dp males of their own line. The homozy-
gous Dp female is inviable and hence the Dp daughters of both crosses possess a 
paternal XT  and a normal X from the mother. Only if a maternal effect wer€ 
operating would the scores of the daughters of Dp and c mothers be expected tc 
differ. All the animals employed in these crosses were derived from the third 
generation of outcrossing of the two sublines. The crossbred animals were hetero-
zygous for the coat colour gene, brown (b) and hence brown offspring were produced 
among the intercross progeny. 
The lines carrying the high and low 'states' of the controlling element are desig 
nated H and L, respectively, and their outcross derivatives HX and LX. Numben 
associated with these symbols, e.g. L 21  indicate the generation of inbreeding of thf 
animals or, in the case of the outcross animals, e.g. L 2X, the generation of in 
breeding of the mother. 
The levels of c-variegation in the coats were determined in the standard mannej 
(Cattanach & Isaacson, 1967; Cattanach et al. 1969); the amount of white areas it 
the coats of individual females was estimated to the nearest 5 % and the scorin 
was carried out on groups of at least 50 animals and without knowledge of thei: 
identity. This practice was found to reduce the errors liable to occur with thi 
admittedly subjective scoring procedure. It should be stressed that the metho 
overestimates the true levels of variegation by about 10-15 %; the levels, deter 
mined by counts on hair samples, are near-50 % for lines carrying the high 'state 
and near-30 % for lines carrying the 'low' state. The data to be presented hen 
have not been corrected for the scoring bias. 
3. RESULTS 
The first data indicating a difference between the mean scores of reciprocal1 
derived females are shown in Tables 1 and 2. Since each 'state' of the controllin 
element was introduced into the inbred line by way of Dp males, all the females a 
the first generation possessed a paternally derived XT.  In the second generatio] 
both Dp males and females were produced and the progeny tests on the former an 
the standard backcross of the latter produced third generation reciprocal eros 
animals of identical genetic backgrounds. It can be seen that with both 'states' th 
mean score of the paternal XT  females is lower than that of the equivalent materna 
XT females and the difference in each case is statistically significant. The consistenc: 
of the observation becomes more apparent when the scores of the individua 
progeny tests are considered. Although the maternal XT/paternal X' femal 
difference is small, almost all the individual progeny test scores were lower than th 
maternal XT  female scores. It should also be noted that the maternal XT  femal 
scores varied little from generation to generation; none of the differences wer 
statistically significant. This was also true for the difference between the paternt 
XT female scores of the first and third generations. Since the genetic backgroun 
changed in each generation of backcrossing this factor cannot be considered t 
play any significant part in modifying the level of variegation. 
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Table 1. Levels of c-variegation observed in H line Dp females 
derived from reciprocal crosses 
(The score in parentheses is the mean of several incomplete progeny tests.) 
Maternal XT 	 Paternal XT 
-'  
Generation No. 	Mean amount of e 	
r 
No. 	Mean amount of c 
1 	- 	 - 	 61 	5844±F25% 
2 227 6154±066% 	 - 









(21) 	(58-81+ 274 %) 
Total 170 57.71±O.82%* 
4 	60 	59•17±14O% 	- 	 - 
* Significantly different: t, 1, = 332; P < 0001. 
Table 2. Levels of c-variegation observed in L line Dp females 
derived from reciprocal crosses 
Maternal XT 	 Paternal XT 
1 	- 	 - 
2 105 5071±129% 
3 	35 	5300±181% 
A. 
No. 9 	Mean amount of c 
42 	4536 ± 1.85% 
25 4360±244% 






Total 135 46. 63±1 . 12% * 
Generation No. 	Mean amount of c 
4 	34 	5191±176% 	- 
* Significantly different: t 189 = 308; P < 0.01. 
The second set of data indicating a reciprocally-derived female difference is 
hown in Table 3. The comparison here is between animals of different generations 
md slightly different backgrounds; however, this seemed justifiable in view of the 
indings made in the two sublines and also in view of the consistency of scores 
)btarned on all genetic backgrounds (Tables 1-3). If this argument is accepted, 
hen the results presented again demonstrate a small but consistent difference in 
he scores of maternal XT  and paternal XT  females. The paternal XT  female data 
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are too extensive to permit the presentation of the individual progeny test scores, 
but with certain notable exceptions all fell within the range of scores obtained with 
L and H line Dp males. All the exceptions were found in tests of HX males; these 
Dp males bred as though they possessed the low 'state' of the controlling element, 
an indication that a change in the 'state' of the element had occurred (Cattanach 
& Isaacson, 1967; Cattanach et al. 1969). The data from these 'changed' males have 
not been included in the Table. 
Table 3. Levels of c-variegation observed in crossbred Dp females 
derived from the reciprocal types of crosses 
(T (as in L 2XT, L 3XT, etc.) indicates progeny test data.) 
Maternal XT 	 Paternal X 
Line and 	I 	 _____________________________ 
generation No. YY 	Mean amount of c 	No. Y? 	Mean amount of c 
L 2X 	 25 	5400 ± 222 % 	- 	 - 
L2XT 	 - 	 144 43-54±103% 
L 3X 	 10 	4850±300% 	- 	 - 
L 3XT 	 - 	 226 45-29 ± 069 % 
L4X 	 66 	5129±147% 	- 	 - 
L4XT 	 - 	 469 4403±055% 
H2X 	 25 	61•6O±199% 	- 	 - 
H2XT 	- - 	 205 5866±078% 
H3X 	 74 	62•16±129% 	- 	 - 
H3XT 	- - 	 584 5778±060% 
H4X 	 59 	5915±154% 	 - 
H4XT 	- - 	 200 	5730±082% 
Table 4. Viabilities of Dp females derived from L and H line reciprocal crosses 
Viability of maternal XT l? Viability of paternal X' 
Line and , 
generation Pre-natal Post-natal Total Pre-natal Post-natal Total 
- 090 094 085 
L 2 049 091 045 - - - 
L 3 056 0•92 052 078 069 054 
L 4 083 080 066 - - 
H1 - - - 0•80 094 075 
H2 074 096 0-71 - - - 
H3  069 091 063 088 088 077 
H4 072 083 060 - - - 
The viabilities of the Dp females produced in the various crosses are summarize( 
in Tables 4 and 5 and it can be seen that the survival of Dp females is consistent13 
higher in litters of c mothers than in those of Dp mothers. This evidence woulc 
tend to support the hypothesis that the lower mean scores of the paternal X 
females are due to the survival of Dp females possessing greater numbers of ceib 
with the duplication genetically active. However, a search for a viability 
variegation score correlation within each type of cross did not provide any sup 
Total Pre-natal Post-natal Total 
0-81 	- 	- 	- 
- 095 0-88 
046 - - 
— 0-81 083 
058 - - 
— 0-85 0-82 
078 - - 
— 0-88 0-87 
068 - - 
- 082 0-84 
056 - - 
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porting evidence. The viabilities varied widely in different generations and on 
different genetic backgrounds (see Tables 4 and 5), but no accompanying change 
in the variegation scores could be found (see Tables 1, 2 and 3). In fact, more often 
than not, minor variations in the scores tended to lie in the opposite direction from 
that predicted by the hypothesis. It can thus be concluded that although viability 
may be influenced by a number of genetic and environmental factors, this is not 
true of the variegation score. There is no evidence of an interaction between the 
two characters. 
Table 5. Viabilities of crossbred Dp females derived from the reciprocal type 
of crosses 
(T (as in L 2XT, L 3XT, etc.) indicates progeny test data.) 















Table 6. Levels of c-variegation observed in Dp daughters of Dp 
and chromosomally normal (c) females 
Background No. yy 
Line 	 Cross coat colour scored Mean amount of c 
H3X Dp 	x Dp 65 55-62 ± 1-39% 
c x Dp 83 5705 ± 126% 
Dp 	xDp cTd b 17 62 .65±2 . 42% * 
c YY x Dp Sd b 34 5868 ± 1-90 %* 
L 3X 	DpxDpf- 21 43-10±245% 
o YY xDp cTd b+ 24 44-38±254% 
DpxDp3 b 9 44.44% 
cxDp 6S b 14 49-64% 
* Not significantly different: t52 = 1-20; P > 0-2. 
The results of the experiment designed to determine whether the reciprocal 
ross difference was due to a maternal effect is shown in Table 6. The collection of 
arge numbers of Dp females from the Dp x Dp cross was made a long and tedious 
rocess by the low fertility and high incidence of sterile matings typical of the 
ross. Nevertheless, sufficient data were accumulated to demonstrate any difference 
the scores between the two crosses were one to exist. It can be seen that with 
4 	 GRIII5 
50 	 B. M. CATTANACH AND J. N. PEREZ 
both states' of the controlling element the scores of the b Dp daughters of 
c mothers was actually higher, rather than lower, than those of the equivalent 
daughters of Dp mothers. The same observation was made with the b animals 
carrying the low state but the data here were too few to be meaningful. Only with 
the b females carrying the high 'state' was the difference between the scores in the 
two crosses in the right direction to indicate a maternal effect and here the difference 
was not statistically significant. The results of the experiment do not therefore 
support the concept that a maternal effect is responsible for the difference observed 
in the sublines and their crossbred derivatives. 
It should be added that the viability of the Dp daughters of the Dp females in 
these crosses was higher than that generally observed in the earlier crosses (Tables 
4, 5) and it might be argued that this was the cause of the lower variegation scores, 
i.e. it would support a viability/variegation score correlation. However, the via-
bilities tended to be high in both sets of crosses, this no doubt being due to the fact 
that the parents were F1 outcross animals and that in the Dp x Dp crosses the 
viability estimate would be further enhanced by the early loss of the homozygous 
Dp progeny (Cattanach, 1961 a; Lyon, 1967). Despite these elevated viabilities there 
remained a difference between the estimates obtained for the Dp females derived 
from the Dp x Dp and c x Dp crosses, e.g. in the H3X groups the pre-natal via-
bilities were 085 and 092 respectively and bothpost-natal viabiitieswere 087, and 
yet the variegation scores differed little from each other or from the scores obtained 
in the earlier crosses (Tables 1-3). The apparent association between viability and 
variegation score in between-cross comparisons seems to be a fortuitous one; it 
cannot be demonstrated within crosses. 
4. DISCUSSION 
The data presented clearly demonstrate that Dp females inheriting their X' 
from the father tend to have lower levels of c-variegation, i.e. more pigmented hail 
in the coats, than Dp females inheriting their XT  from the mother. This was ob-
served in the two sublines in which the high and low 'states' of the controlling  
element were being introduced into an inbred background and also in the crossbrec 
derivatives of the two sublines. The difference in the phenotype between materna. 
and paternal XT  females must therefore be a real phenomenon and one that is nol 
dependent upon any one genetic background. 
Although it seemed possible that there might be a correlation between viabiit3 
and variegation score, this was only evident in reciprocal crosses. The variations II 
viability within each type of cross was equally as high as that between reciproca 
crosses, and yet in all crosses of each type the variegation score remained constant 
Viability differences, whether resulting from differences in the maternal environ 
ment or from autoincompatibility between c mothers and c progeny, canno 
therefore be the cause of the reciprocal cross differences in variegation score. Thi 
conclusion could also be drawn from the comparison of the Dp female x Dp mali 
and c female x Dp male crosses, and in these crosses it was also clear that mother' 
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genotype or cytoplasm was not responsible for the maternal XT/paternal  X 
female difference; some other parental effect must be involved. 
Before seeking an interpretation of the reciprocal cross difference, the mecha-
nisms responsible for the variegation should be considered. The c-variegation 
observed in the coats of T(1; X)Ct and other X-autosome translocation hetero-
zygotes is thought to be due to the presence of two populations of melanocytes, one 
capable of producing pigment and the other not, and this conclusion has recently 
found support in the observation that cc V c+c+ allophenic mice show similar 
variegated phenotypes (Mintz, 1967). In the case of the translocations, the two 
cell populations arise from the random X-inactivation process and the superimposed 
position effect variegation (Cattanach & Isaacson, 1965, 1967; Russell, 1963, 1964). 
Any parental influence upon the variegation would therefore be expected to 
operate upon one or both of these mechanisms or upon the two cell populations 
once established. 
In the absence of a maternal effect, a paternal effect might be considered the most 
likely cause of difference between Dp daughters of Pp and c males and the fact that 
phenotypes tend towards those of the father appears to support this. However, it 
is difficult to imagine how cytoplasmic differences between the sperm of Pp and c 
fathers could bias the randomness of the X-inactivation process or modify the 
inactivating properties of the X and it is most improbable that a cytoplasmic 
influence could be transmitted through many cell generations to modify pigment 
production in the melanocytes or alter the proliferation rates or migration of one 
Df the two cell populations. Nuclear differences resulting from the presence or 
%bsence of the rearrangement may, instead, be responsible. 
'Residual' influences of the parental genotype have long been recognized in 
Drosophila (Noujdin, 1944) and have more recently been the subject of intensive 
tudy in both D. melanogaster (Baker & Spofford, 1959; Cohen, 1962; Hessler, 
1961; Spofford, 1959, 1961, 1967) and D. virilis (Schneider, 1962). One of these 
nfluences, the parental source effect, may be applicable to the observations des-
3ribed here in the mouse. Differences in the level of variegation which could not 
e explained by a maternal effect were detected in reciprocal crosses. That the 
)arental-source of the rearrangement was the responsible factor was best demon-
trated by Baker (1963) using the Dp(1: 3)wm264.58a  rearrangement of D. melano-
raster. From crosses in which both parents carried the duplication he was able to 
ecover offspring inheriting the duplication from either the father or the mother 
nd these exhibited differing phenotypes. 
Unfortunately, the equivalent test cannot be made with the mouse X-autosome 
ranslocation and hence a clear distinction between a paternal and parental-source 
feet cannot be made. However, in view of the parental nature of the effect and 
he mechanisms upon which it must operate, it seems most probable that the X 
hromosome, or perhaps the controlling element, is conditioned in some way 
Luring its passage through the male or female germ line such that its behaviour in 
he embryo is modified. By analogy with the V-type position effects described in 
)rosophila, the conditioning could be thought to modify the inactivating properties 
4-2 
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of the heterochromatic X but it could equally well apply to the behaviour of the 
X at the time of inactivation; a bias in the randomness of X-inactivation may 
exist such that the paternal X is less likely to be inactivated. Whatever the mecha-
nism affected, the same type of process may be working as that described in &iara 
and the mealy bugs (Crouse, 1960; Hughes-Schrader, 1949; Metz, 1939; Nelson-
Rees, 1962); the chromosomes are said to acquire an 'imprint' during their passage 
through the germ cells of either sex such that the behaviour of the maternal and 
paternal chromosomes may differ in the embryo (Crouse, 1960). 
In concluding, it may be pointed out that if any such conditioning of the X 
occurs, reciprocal cross differences in the heterozygous phenotypes of X-linked 
genes might be expected. This would obviously follow if the conditioning biased the 
X-inactivation process; it would also follow if the conditioning modified the in-
activating properties of the X, for modification of the inactivating properties by 
the mouse X-chromosome controlling element system has been found to influence 
the heterozygous phenotypes of two X-linked genes, Tabby (Ta) and Viable-
brindled (Vbr) in the same manner as the position effect variegation (Cattanach 
et al. 1969). Such a reciprocal cross difference has in fact been observed with Ta. 
Ta reduces the vibrissa number and when this criterion is used as a measure of the 
level of phenotypic expression of the Ta allele in the heterozygote, it is found with 
complete regularity that Ta! + progeny of Tal + females and + males have higher 
vibrissa scores (more nearly normal) than Tal + progeny of + / + females and 
Ta males (Dun & Frazer, 1959; Frazer & Kindred, 1960). Unfortunately, the 
equivalence of the observations made on Ta and the T(1; X)Ct variegation is 
confused by the fact that a maternal effect is considered to be the cause of the 
Ta reciprocal cross difference (Kindred, 1961). This conclusion was based on a 
single set of data and the validity of the results perhaps should be reconsidered in 
light of the seemingly identical behaviour of the translo cation-induced variegation 
It would appear to be too much of a coincidence that two X-linked traits, operating 
in different cell types, should show reciprocal cross differences in the heterozygom 
females and that the phenotype in each case should be biased towards that of the 
father. Surely a common mechanism must be responsible, one that is in some way 
related to X-inactivation. 
This work was supported by a grant (GM-15885) from the National Institutes of Health 
U.S. Public Health Service. 
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SUMMARY 
The frequency and nature of the changes in state' of the mouse 
X-chromosome controlling element (inactivation centre) have been 
investigated on an inbred background. The results indicate with near-
certainty that meiotic crossing over is the responsible mechanism and 
that the frequency of recombination between the T(1; X)Ct breakpoint 
and the locus of the controlling element is approximately 3 %. Maize-type 
'changes in state' may occur under other experimental conditions. The 
data do not distinguish on which side of the autosomal insertion the 
element lies but when combined with observations of other investigators 
suggest that the location must be on the Mo-Ta side and very close to Ta. 
1. INTRODUCTION 
The variegation associated with the mouse X-autosome translocations (Cat-
anach, 1961; Russell & Bangham, 1959; Russel, Bangham & Saylors, 1962) 
iormally occurs only in the heterozygous female. The primary cause is considered to 
e the inactivation of the associated autosomal genes (Cattanach, 1963; Russell, 
1964) in those cells in which the rearranged X is inactivated in the course of the 
iormal process of X-inactivation (Lyon, 1961). Most of the observed variegation 
an be attributed to the randonmess with which the rearranged and normal X 
hromosomes are inactivated but a second source of variegation also exists. The 
ssociated autosomal loci do not always become inactivated when the rearranged 
is inactivated and the probability of their inactivation is dependent upon their 
Droximity to the breakpoint (Cattanach, 1961; Russell, 1963). This second source 
)f variegation is considered to be analogous to the V-type position effect variega-
ion described in Dropsohila (see reviews by Baker, 1968; Lewis, 1950). 
The position effect variegation caused by the flecked X-autosome translocation, 
T(1 ;X)Ct, has been found to be under the control of an element located in the 
rearranged X chromosome (Cattanach & Isaacson, 1965, 1967) and evidence has 
recently been obtained which suggests that the controlling element is responsible 
For the inactivation of the X chromosome itself (Cattanach, 1968; Cattanach, 
Pollard & Perez, 1969). Different 'states' of the element exist, these differing by the 
Levels of position effect variegation they permit and also by their influence on the 
heterozygous phenotypes of at least two X-linked genes. 
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Distinguishable 'states' of the element were first detected in crosses betwee 
two lines of mice that had been selected over several generations for high and lo 
levels of translocation-induced variegation and although changes in the 'state' 
the element were occasionally found to occur, pedigree analyses indicated that th 
frequency of change was low, i.e. the 'state' associated with any single rearrange 
X chromosome was transmitted unchanged from generation to generation. Som 
what at variance with this finding was the observation that when changes occurre 
they tended to appear in high frequencies in certain families and apparenti 
independently of the normal X chromosome of the heterozygous female. For thi 
reason it was thought that the changes might occur by a process analogous to th 
'changes instate' of the controlling elements described in maize (McClintock, 195 
1965). However, because of the many technical difficulties of the system, meioti 
crossing over could not be ruled out as the responsible mechanism. 
Over the past 2 years two distinguishable 'states' of the element carried i: 
T(1 ;X)Ct X chromosomes have been introduced into a common inbred baekgroun 
and established in two separate sublines by repeated backerossing to the inbrec 
Under these more controlled conditions it has been possible to screen for changes i 
the two original 'states' of the element and determine the frequency. Moreovei 
now that the two 'states' can be recognized by their influence on the heterozygou 
phenotypes of X-linked genes (Cattanach et al. 1969), it has been possible t 
determine the 'state' carried in the X chromosome of the inbred stock. With thi 
extra peice of information the nature of the observed changes in the 'states' of th 
mouse X-chromosome controlling element can be more readily deduced. 
The present communication presents data on the occurrence and frequency o 
change in the two 'states' carried in the inbred background. They suggest that th 
observed changes occur by meiotic crossing over and the frequency of changi 
indicates that the locus of the controlling element lies within three crossover unit 
of the T(1 ;X)Ct breakpoint. 
2. METHODS AND MATERIALS 
The translocation, T(1 ;X)Ct, is one in which a piece of linkage group I bearing 
the wild-type alleles of pink-eye (p) and albino (c) has been inserted into the ) 
(Ohno & Cattanach, 1962). In the experiments to be described all the trans 
location-bearing animals carry the chromosomally unbalanced, duplication form 
Dp(1 ;X)Ct of the rearrangement and albino (c) is present in both normal linkag 
group I chromosomes. The heterozygous female thus exhibits a c-variegated oi 
flecked phenotype and this is normally observed on a non-agouti (a), black (b+ 
background coat colour. The term Dp will be used to describe Dp(1 ;X)Ct hetero. 
zygotes and hemizygotes. 
The two 'states' of the controlling element under study are normally distin-
guished by the levels of translocation-induced c-variegation they permit in the 
heterozygous female. However, they can also be recognized by their influence on 
the heterozygous phenotypes of at least two X-linked genes, Tabby (Ta) and 
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riable brindled (Mor or Vbr) (Cattanach et at. 1969). The 'state' designated high 
ermits a near-50% level of c-variegation or a high level of expression of Ta or 
Tbr, and that designated low, a near-30% level of c-variegation or a lower level of 
xpression of Ta or Vbr (see Table 1). The difference is attributed to the frequency 
f cells in which the c+, Ta+ or Vbr+ genes are inactivated when the rearranged 
(X') is inactivated (Cattanach & Isaacson, 1967; Cattanach et at. 1969). 
oth 'states' were derived from a single line of mice that had been selected for 
w levels of c-variegation (Cattanach & Isaacson, 1967) and each had subsequently 
een introduced into a common inbred (JTJ/Fa) background by way of single 
)p males and established in two sublines. The two sublines were then routinely 
riaintained by backerossing the Dp females of each generation to J1J males. 
'able I. Observations, scores and interpretations of the c-variegated, Ta/ + and 
Tbr/ + phenotypes attributable to the low and high 'states' of the controlling element 
State of Expression 
controlling 	 Genotype of Expected Mean of 
element females phenotype score mutant 
Low 	Dp (c+)/ 	 c c Low amount of c Low Low 
Dp (c+)Ta/-Ta 	c+c High vibrissa no. High Low 
Dp (c±) Jlbr+/- T'br c+c Low amount of Vbr Low Low 
High 	IDp (c±)/- 	 c c High amount of c High 
High 
Dp (c±)Ta/-Ta 	c+c Low vibrissa no. Low High 
Dp (c+) Vbr±/- Vbr cc High amount of Vbr High 
High 
Changes in the 'state' of the controlling element can be recognized only in 
nales, since as a result of the randomness of X-inactivation, individual females 
nay exhibit a wide range of c-variegated, Ta/ + or Vbr/ + phenotypes no matter 
vhich 'state' is present in the rearranged X chromosome. The genotypes of Dp 
nales with respect to the 'state' of the controlling element can, however, be 
letermined by means of a progeny-test with JTJ females (Cattanach & Isaacson, 
1967) or a test-cross with females carrying Ta or Vbr (Cattanach et at. 1969); the 
nean levels of c-variegation, Ta or Vbr among 15-20 daughters accurately 
dentifies the 'state' of the element carried by the father, for the randomness 
)f the X-inactivation process is balanced out among the daughters. 
The original aim of the experiments was to screen for changes in the 'state' of 
he element carried in each subline by progeny-testing Dp males derived from each 
eneration of backcrossing. This, however, proved to be impracticable. After the 
second generation of inbreeding the Dp males, which normally exhibit a low 
viability (Cattanach, 1961) became a lethal class, but they could be recovered by 
)utcrossrng the increasingly inbred Dp females of each generation to an unrelated 
stock of males. Since the level of c-variation has been found to be independent of 
the genetic background (Cattanach & Isaacson, 1967), the Dp males that were 
produced in the outcrosses could equally well be progeny-tested to determine 
whether a change had occurred in the 'state' of the element carried in the 
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rearranged X inherited from the near-inbred mother. Further details of th 
crosses may be found elsewhere (Cattanach et al. 1969). 
The lines carrying the high and low 'states' of the controlling element ar 
designated H and L, respectively, and their outcross derivatives HX and LX 
Numbers associated with these symbols, e.g. L 21  indicate the generation of in 
breeding of the animals or, in the case of the outcross animals, e.g. L 2X, th 
generation of inbreeding of the mothers. The progeny-test matings are indicated b; 
the letter T; thus H4XT designates the test of a Dp male derived from H 4X matin 
The levels of c-variegation were determined in the standard manner (Cattanac 
& Isaacson, 1967; Cattanach et al. 1969); the amounts of white (c) areas in th 
coats of the individual females were estimated to the nearest 5 % and the scorin: 
was carried out on groups of at least 50 animals, without knowledge of thei 
identity. The scoring procedure overestimates the true levels of c-variegation b: 
about 10-15%, but the data to be presented have not been corrected for thi 
scoring bias. 
Each altered 'state' detected by the progeny-test was further investigated to se 
whether its influence upon the heterozygous phenotype of Ta had also changed 
This was achieved by subjecting Pp males, carrying the changed 'states', to th 
standard Ta test-cross (Cattanach et al. 1969). Each male was mated to a series o 
Ta/Ta females and the vibrissa number of the offspring scored. Ta reduces th 
vibrissa number (Dun, 1959; Dun & Fraser, 1959) and hence this character can b 
used as a measure of the level of expression of Ta in the heterozygous femal 
(see Table 1). 
3. RESULTS 
The results of 53 L2XT, L3XT and L4XT progeny-tests are summarized ii 
Table 2. With two exceptions, each score was obtained from the classification of 
minimum of 15 daughters and most were based on 20 or more. It can be seen thai 
the values obtained ranged from 38 to 50% with most lying within the 41-47 0/ 
level (Fig. 1). On the grading system of classification originally used as a measur 
of the level of c-variegation (Cattanach & Isaacson, 1965, 1967) the score 
ranged from 2- 28 to 2- 96 and thus all fell within the range typical of the low 'state 
of the controlling element (Cattanach & Isaacson, 1967). Seven partially inbred L. 
males were progeny-tested in addition to the outcross Pp males, and all yieldec 
similar scores (see Cattanach & Perez, 1970). No change in the low 'state' of th€ 
element was thus detected among 60 tested males. 
Table 3 summarizes the equivalent results of 70 H2XT, HAT and H4X1 
progeny-tests and in only seven cases was a score based on less than 15 classified 
daughters. Here it can be seen that two distinct groups of animals were present and 
this is illustrated in Fig. 1. In one group the scores ranged from 54 to 62% with 
most lying within the 57-60% level, and on the grading system the scores ranged 
from 3-19 to 380. All of these thus fell within the range typical of the high 'state' 
of the controlling element (Cattanach & Isaacson, 1967). The second group of Df 
males yielded scores representative of animals carrying the low 'state' of the 
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element; they produced scores ranging from 42 to 49% and the mean score of 
the group did not differ significantly from that of the LXT males (t1146 = 062; 
P> 0.05). Several changes in the high 'state' of the element had thus occurred. 
In all, 15 exceptional males were found among 70 outcross animals tested. None 
were found among eight partially inbred Pp males that had been tested earlier 
(see Cattanach & Perez, 1970). 
Table 2. Progeny-test c-variegation scores of Dp males carrying an 
derived from the low line 
Scores in brackets based on less than 15 classified daughters. 
Line and Family 
generation no. Scores of individual males 
L2XT 1 4533±269 
2 44-04+2.60 4188 ± 376 42-41+2-09 
45.77 ± 266 
3 4281±214 
6 41-94+3.26 (43.57 ± 373) 
L3XT 10 4300±233 4222±254 4591±269 
14 4750 ± 261 5026 ± 265 4667 ± 266 
16 4217 ± 213 44-09+3.33 4667 ± 197 
4095 ± 264 (41.50 ± 4.28) 
L4 XT 1 4175±255 4820±214 4750±321 
4200 ± 222 44-37+2.59 
3 44.50 ± 225 44-21+2.89 4048 ± 306 
4500±242 4767±292 4391±229 
4 3944+297 4280±236 4026±356 
4588±258 4565±250 
6 4310±281 
7 4000±270 4500±220 4583±327 
9 4O28±2•93 4100±264 
10 3843±310 4354±1-91 4429±193 
42-32+2-91 
11 43.61+1.93 4825 ± 270 43-53+2-26 
13 3795 ± 136 4000 ± 309 42•00 ± 169 
15 4262 ± 321 40-47+2.88 
In seeking an interpretation of the data, an additional piece of information can 
isefully be included. The heterozygous Pp females of both H and L lines carry the 
same normal X chromosome of the inbred (JTJ/Fa) in addition to their rearranged 
( (XT), and it is known that the normal X carries the low 'state' of the controlling 
lement (Cattanach et al. 1969). This was deduced from its influence upon the 
ieterozygous phenotypes of Ta and Vbr in comparison with that of the high and 
ow 'states' carried in XT  chromosomes. Of 6 animals tested, all produced scores in 
the test-crosses that were indistinguishable from those of Pp males carrying the 
ow 'state' in their XT  chromosome and this result has since been confirmed in 
est-crosses of over 20 other males carrying the same normal X chromosome. The 
Dp females of the L line must therefore, be homozygous for the low 'state', i.e. 
(T_L/X_L, whereas the equivalent H line females must be heterozygous, i.e. 
13 	 GRII 15 
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XT - H/X - L. It would therefore follow that changes in the high 'state' as detected 
by the appearance of Dp males giving low progeny-test scores, most likely occur 
by crossing over between the T(1 ;X)Ct breakpoint and the locus of the controlling 
element. Changes in the low 'state' would not be expected, and none were in fact 
found. The crossover model thus provides an adequate explanation for the changes 
in the 'state' of the element detected in the present experiments. 
Table 3. Progeny-test c-variegation scores of Dp males carrying an XT  derived 
from the high line 
Scores in brackets based on less than 15 classified daughters. Those of exceptional 
animals are shown in italics. 
Line and 	Family 
generation no. Scores of individual males 
H2XT 1 57•71±200 5519±224 
2 6021±234 
3 6300±204 
5 5563±205 5659±282 
7 5895 ± 249 62-11+2.49 59-32+2-53 
H3XT 1 5692±266 5700±235 
2 60-83+3.46 5905 ± 266 
2A 5993 ± 226 6050 ± 299 5540 ± 231 
5636 ± 190 (61.00 ± 287) 
3A 58'33 ± 303 57-04+2-34 6045 ± 215 
5588 ± 313 
4 (5679 ± 3.87) (6045 ± 2.82) 6088 ± 220 
58'33±261 6083±274 5789±292 
5A 61-94±233 
6 5725 ± 247 5826 ± 251 55-22+2-28 
6A 5962±209 5913±2'05 
7 60-83+2.65 
7A 60'56±185 
9 (4667 ± 553) 48-00 + 2.87 46-39 + 3.66 
45-40 + 2.20 
9A 4529 ± 193 
10A 57-83+2-68 55.95 ± 200 
H4XT 2 59•12 ± 265 (5536 ± 2.25) 56-82+2-34 
3 5310 ± 328 59.55 ± 292 44-17+2.36 
58-57+2-72 
6 5978 ± 210 56-74+2-55 5250 ± 260 
11 5400±222 
12 5524 ± 2•68 59-71+2-21 
15 43.50+1.99 42-11+3.18 42-50+2.89 
18 (57.73 ± 3.59) 
20 4395 ± 312 
21 4239±284 4881±226 
22 4529±311 444O±274 (4423±265) 
24 55-63+2-36 6000 ± 278 56-74+2-32 
57-54+2.35 
If the crossover model is the correct one, then it is clear that the number ol 
changes that occured must be far fewer than the number of exceptional males 
detected. From the data presented in Table 3 is it apparent that most of the 















Controlling elements in the mouse X-chromosome. II 	189 
changes in the 'state' had occurred in earlier generations. The validity of 
this conclusion is demonstrated by the pedigree analysis of families in which 
exceptional males were detected. Fig. 2, Case A, illustrates one such pedigree. Here, 
it can be seen that H3XT families Nos. 9 and 9A and H4XT families Nos.20, 21, 
E1,nd 22 are all related. Since all the tested males in these families appeared to 
possess the changed 'state' it is unlikely that each represents an independent 
change. It is far more probable that they all trace back to a single change or 
crossover event in the H  female, and that the H 2 female was the original excep- 
37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 
Scores of individual males 
Fig. 1. Distribution of progeny test scores. 
bional animal. The pedigree analysis of a second family in which several excep-
bional males were detected is also shown in Fig. 2, Case B. Here it can be seen that 
3 HXT family No. 15 males all appeared to possess the changed 'state' but that 
io other exceptional relatives were found. It is therefore probable that all three 
males inherited the changed 'state' from the mother, either the mother or maternal 
Y rand-mother being the original exceptional animal. The pedigrees shown in Fig. 1 
ccount for 14 of the 15 exceptional males; the remaining animal occurred in a 
amily of 4 (H4XT family No. 3) and therefore must represent a new and indepen-
lent change. If the changes in the 'state' arose by crossing over as proposed, then 
13-2 
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the 16 exceptional animals detected indicate the occurrence of only three cross-
over events. 
On the crossover model, two of the three changes in the high 'state' of the 
element must have first appeared in Pp females rather than in Pp males. Therefore, 
in order to estimate the frequency of change it is necessary to include all animals 
tested, females as well as males, and for this purpose a female will be considered 




H 3 X 
H 3 XT 
H 4 X 






H 4 X 
H 4 XT 
Fig. 2. Pedigree analysis of families in which changes in the 'state' of the element 
were detected. Circles represent females, squares represent males. Arrows indicate 
original exceptional animals. 
pedigree shown in Fig. 2, Case B, there are 16 (or 17) tested animals, ten males and 
six (or seven) females; the three exceptional H 4XT males are not included since 
they only indicated a change in the mother (or grandmother). Similarly, in the 
pedigree shown in Fig. 2, Case A, there is only one animal, the 112  female that 
has been tested for a high to low change. When all the data are evaluated in this 
manner, 108 animals can be said to be tested and among these three changes were 
found. The frequency of change is, therefore, 2.78% (lower and upper 95 % confi-
dence limits, 057 and 854, respectively) and if the changes result from crossing 
over in the region between the T(1 ;X)Ct breakpoint and the locus of the control-
ling element, this figure provides an estimate of the distance between the two. 
Similar treatment of the L line data showed that 94 animals had been tested. To 
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his can be added the number of changed H line animals tested for a further 
hange, i.e. for the reconversion of the low 'state' back to the high (Fig. 2); the 
otal is then 115 with no changes detected. 
If, as postulated (Cattanach et al. 1969), one controlling element system is 
esponsible for the modification of the level of c-variegation and also the levels of 
xpression of the X-linked genes in heterozygous females, it would be expected that 
he three altered 'states' would be typed as low, not only in the progeny tests, but 
,lso in tests with X-linked genes. To investigate this, Dp males carrying the 
,ltered 'states' were subjected to the Ta test-cross (Cattanach et at. 1969), i.e. they 
Table 4. Influence of altered 'states' upon the Ta locus 
Each score represents the results of test-crosses upon changed Dp males. 
Vibrissa score of progeny 
Ta/+? Ta <ff 
Family and A 
identity no. No. Score No. Score 
Control H* 99 1544±018 129 746±014 
9. is 19 1647 ± 030 34 7-53+0-25 
9. 4f 25 1684±018 39 697±0l9 
21.1d 25 1644±026 39 726±026 
Control L* 87 1682±014 121 777±015 
3. 2h - 20 17-65±0'26 34 909±021 
15. let 25 1724±018 4 866±044 
Control (1) Lt 32 1763±012 35 869±0-26 
Control (2) Lt 31 1735±024 31 845±033 
* Mean scores of males of the same generation, with Ta/Ta females of the same genetic 
ackground. (Data of Cattanach et al. 1969.) 
t Scores obtained in test-crosses with Ta/Ta females of a different genetic background. 
ontrols (1) and (2) are scores of individual males. 
rere mated to a series of Ta/Ta females and the mean vibrissa scores of their 
)p Ta+/ - Ta daughters determined. According to the hypothesis, when the low 
;tate' is present in the XT  the Ta+ gene would be less frequently, or incompletely 
activated and hence the vibrissa number, reduced by Ta, would tend to be 
igher; when the high 'state' is present, inactivation would be more complete 
nd the reduction in vibrissa number caused by the Ta allele would be more 
ifective (see Table 1). 
The results of the Ta test-crosses are presented in Table 4. They have been 
ivided into two groups because they were obtained at different times and utilized 
'a/Ta females of somewhat different genetic backgrounds. The second group of 
males had a higher proportion of the C 3H stock in their genome and perhaps for 
Ms reason the vibrissa scores of both the Ta/ + daughters and the Ta sons were 
igher. Controls for the first group of data are provided by the mean scores of 
vera1 Dp males of similar genetic backgrounds and known to carry either the 
igh or low 'state' (Cattanach et at. 1969). Controls for the second group are 
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provided by the mean scores of two males mated to the same group of Ta/T 
females and known to carry the low 'state' of the element. 
The same conclusions can be drawn from the results of the test-crosses as fran 
the progeny tests; the mean vibrissa scores of the DpTa+/ - Ta daughters indicat 
that the exceptional males possessed the low 'state' of the controlling elemeni 
The scores of Pa sons were unaltered demonstrating that the female difference wa 
not simply due to genetic background influences. 
4. DISCUSSION 
At the time the mouse X-chromosome controlling element system was firs 
discovered (Cattanach & Isaacson, 1967), it was observed that the changed P 
males tended to occur in clusters within family groups and apparently indepen 
dently of the normal X-chromosome present in the heterozygous female. For thi 
reason it was thought that the changes in 'state' might occur by a process analc 
gous to that of the 'changes in state' of the maize controlling elements (McClintocl 
1950, 1965) but crossing over could not absolutely be ruled out as the responsibi 
mechanism. 
In the present experiments clustering was also found but since no unchanged P 
males were found in the affected families (Fig. 2, Case A and B) the data can moss 
simply be explained by the occurrence of single changes in earlier generatiom 
More at variance with the conclusions deduced from the earlier experiments wa 
the finding that the changes did not appear to occur independently of the norms 
X, i.e. exceptional males were only found in the line carrying the high 'state' i, 
the XT. Admittedly, the observed frequency of independent changes in the H un 
(3/108) was so low that the absence of any changes in the L line (0/115) does nc 
establish conclusively that such changes could not have occurred. However, th 
fact that the normal X of each line carries the low 'state' of the element establish€ 
with near-certainty that the nature of the normal X is indeed important. Chang€ 
only occurred in females which were heterozygous for the 'state' of the controllin 
element and hence it is most likely that crossing over in the region of the X betwee 
the translocation breakpoint and the locus of the controlling element is the respor 
sible mechanism of change. The fact that all three changed 'states' could be show 
to be altered with respect to their influence upon the Ta locus confirms the validit 
of the argument. 
In spite of the likelihood that crossing over is the mechanism responsible for th 
changes detected in the present experiments, it is still difficult to interpret tli 
earlier data on this basis. For example, both changed and unchanged Pp malE 
were detected in each of two generations in one pedigree and, at minimum, thr€ 
changes must have occurred. This constitutes clear evidence of a clustering of ne 
changes, a finding which cannot easily be reconciled with the low crossov 
frequency calculated from the results of the present experiments. It is therefoi 
still possible that some of the changes in the 'state' of the mouse X-chromosoni 
controlling element do occur by a process analogous to that of the 'changes i 
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3tate' of the maize controlling elements (McClintock, 1950, 1965). Perhaps the 
)resence of a second element is required for maize-type changes. Such an element 
ould have been present in the original selection lines in which the changes were 
]rst detected (Cattanach & Isaacson, 1967), but either was not introduced into the 
ublines along with XT  or was not maintained during the repeated backcrossing to 
he inbred. 
Table 5. Order of genes and breakpoint in X-chromosome linkage map 
Recombination frequencies from Cattanach (1966). 
------X - - - -AUTOSOME-------------X ---------- 
ORDER: 	Gy —jp? —break (p - c) break —jp? - Mo - Ta - Bn - spf 
I 	 ? 	 I 
ecombination frequencies: 
Break - Gy: approximately 20 % 
jp: < 0.5%* 
Mo: 2.16% (lower and upper 95% confidence limits, 0-59 and 5-45, respectively) 
Ta: 411% (lower and upper 95% confidence limits, 1-90 and 766, respectively) 
Bn: approximately 20% 
spf: 50%±14% 
Break - controlling element: 2.78% (lower and upper 95% confidence limits, 0-57 and 854, 
respectively) 
* Only one recombinant detected in over 200 progeny of Dpjp+/- jp females. 
By whatever mechanism or mechanisms the changes occur it is clear from the 
Lata presented that the locus of the controlling element must lie close to the 
ranslocation breakpoint and this is known to be located near the centre of the 
[nkage group (Cattanach, 1966). The order of the genes and the breakpoint in the 
inkage map and the recombination frequency of each tested gene with the break-
oint is shown in Table 5 and it can be seen that the element must lie in or very 
lose to the Mo-Ta region on one side of the autosomal insertion or in the Gy-jp 
egion on the other. The decision as to which side of the insertion the element lies 
annot be made on the basis of these data alone, but there is some justification for 
onsidering that it must be located on the same side as Ta. Kindred (personal 
ommunication) has found that there are X-linked modifiers of Ta which are 
losely linked to Ta and since this gene is one of those influenced by the controlling 
lement system it is probable that Kindred's Ta modifiers represent the X-
hromosome controlling element (Cattanach etal. 1969). In addition, M. F. Lyon 
personal communication) has observed that the 'penetrance' of Gi in the female 
aay change as a result of crossing over with other X chromosomes in the Gy-Ta 
egion. This suggests another example of X-linked modification of an X-linked 
ene and again points to a region near Ta as being the location of the modifying 
cus, i.e. the controlling element. Linkage tests are now under-way to determine 
he precise location of the element. Should the proposed location be correct it will 
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be interesting to see if it maps close to the breakpoint of Searle's X-autosome trans 
location (Lyon et al. 1964). Females heterozygous for this translocation have th 
rearranged X active in almost all their cells and since the controlling element i 
considered to be responsible for the inactivation of the X chromosome (Cattanci 
et al. 1969) a break at or near the locus of the element may impair its function. 
Russell (1963, 1964) has proposed that there is a spread of inactivation a1on 
the X, as along associated autosomal regions in the X-autosome translocations 
the origin being the postulated inactivation centre (Grumbach, 1964; Lyon, 1964 
Russell, 1964), and she has concluded that in X chromosomes split by rearrange 
ment only the part bearing the centre undergoes the inactivation process. I: 
this were true, only one part of the X in the flecked translocation would be macti 
vated for the 'spreading effect' (Cattanach, 1961, 1963) indicates that there i 
only a limited spread of inactivation across the length of autosomal materia 
inserted into the X. Both Mo and Ta lie on one side of the insertion and wher 
either mutant allele is present in the heterozygous condition with the translocation 
the characteristic 'variegated' phenotype of the heterozygote may be observec 
(Cattanach, 1966). This indicates that the Mo-Ta region is subject to inactivatior 
and hence by Russell's hypothesis the inactivation centre, i.e. the control1in 
element, would again be placed on this side of the insertion. However, although thE 
hypothesis provides a pleasingly simple model for X-chromosome inactivation 
there is yet no evidence of a spread of inactivation along the X or that any X 
linked gene in either rearranged or normal chromosomes is free of the inactivatior 
process (Lyon, 1966) and the concept that X-chromosome regions isolated frorr 
the inactivation centre are not inactivated is based on the behaviour of a singh 
autosomal gene in one X-autosome translocation. Perhaps the latter point i 
correct for reciprocal translocations but with the insertional rearrangement 
T(1 ;X)Ct, observations on pink-eye (p)-variegation (Eicher, personal communi 
cation) and ruby-eye-2 (ru-2) -variegation (B. M. Cattanach, unpublished; Eicher 
personal communication) suggest that there is spread of inactivation into the ru-i 
side of the insertion as well as into the c side and this would indicate that boti 
parts of the split X are subject to inactivation. 
These observations are clearly at variance with Russell's (1964) hypothesi 
that there is spread of inactivation along the X from a single inactivation centre 
Either there must be a second inactivation centre (at minimum) on the Gy  sid( 
of the insertion (Cattanach & Isaacson, 1965) or inactivation of the X is noi 
accomplished by any kind of spread from the centre. The fact that the low 'state 
of the controlling element permits 'incomplete' inactivation of Ta and Vbr, tw 
genes which are located centrally in the linkage group and very close to the con 
trolling element, is difficult to reconcile with a spread of inactivation (Cattanaci 
et al. 1969) and this is especially true since more remote loci can still be shown t( 
undergo the inactivation process (Lyon, 1966). It would therefore seem thai 
each locus, or perhaps inactivators scattered over the length of the X (Lyon, 1968 
respond independently to the controlling element (inactivation centre) whether oi 
not separated from the centre by autosomal material. If this is so, the spread o 
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nactivation into the ru-2 side of the insertion should be influenced by the con-
rolling element system just as the spread into the c side and this is being investi-
rated. 
This work was supported by a grant (GM-15885) from the National Institute of Health, 
J.S. Public Health Service. 
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1. INTRODUCTION 
Most of the mouse X-autosome translocations give rise in the heterozygous 
emale to variegated phenotypes for the autosomal genes attached to the X 
Cattanach, 1961; Russell & Bangham, 1961; Russell, Bangham & Saylors, 
.962). The variegation is attributable to two mechanisms: (1) the inactivation of 
ne or the other X in the course of the normal process of X-inactivation (Lyon, 
.961); and (2) a position effect which appears to be analogous to the V-type 
osition effects described in Drosophila (see reviews by Lewis, 1950; Baker, 1968). 
n effect, when the normal X is in its genetically inactive, heterochromatic con-
Lition, the autosomal genes attached to the rearranged X are able to express their 
henotypes. On the other hand, when the rearranged X is in the inactive condition 
here appears to be a spread of the inactivation along a length of the adjoining 
utosomal material (Cattanach, 1961, 1963; Russell, 1963). Since the spreading 
ifect is variable, the autosomal loci need not always be inactivated when the 
arranged X is inactivated. Most of the observed variegation appears to be due to 
he randomness of the X-inactivation process, for when this is suppressed such 
hat the rearranged X is maintained in its inactive condition in all cells, the auto-
)mal loci are inactive in the majority of these cells. The variegation that remains 
an be attributed to the position effect mechanism alone (Cattanach, 1966). 
In a series of recent experiments with one particular X-autosome translocation 
'(1; X)Ct (Cattanach, 1961), we have been able to show that the position effect 
ariegation is under genetic control (Cattanach & Isaacson, 1965) and that the 
Dntrol rests with an element located in the rearranged X-chromosome itself 
Jattanach & Isaacson, 1967). From the inheritance of different forms or 'states' of 
ie controlling element it was clear that the element had to be closely linked to the 
reak-point in the X. Changes from one 'state' to another were detected and, 
'hile it appeared that some of these occurred as a result of a 'change in state' of 
ie element itself such as described in the maize controlling elements systems 
VlcClintock, 1951, 1965), it could not be ruled out that meiotic crossing over was 
[so a responsible mechanism. 
Control of position effect variegation by the mouse X-chromosome controlling 
ements implies control of the inactivating properties of the X. In so far as the 
ements appear to operate only upon the X-chromosomes in which they are 
cated and only when these chromosomes are in their inactive, heterochromatic 
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condition, it seemed possible that they might control the inactivation of th 
X-chromosome itself. The present communication describes the results of experi 
ments designed to investigate the possibility. A brief report on part of the data ha 
already been published (Cattanach, 1968). 
2. METHODS AND MATERIALS 
The translocation, T (1; X) Ct, is one in which a piece of autosome of linkag 
group I has been inserted into the X (Ohno & Cattanach, 1962). In the preseni 
experiments all the translocation-bearing animals employed carried the chromo 
somally unbalanced, duplication form, Dp (1; X) Cl, of the rearrangement. Jr 
the translocation lines both normal linkage group I chromosomes carried the coal 
colour gene albino (c) and, since the autosomal insertion carries the wild typ 
allele (c+), the heterozygous female exhibits a c-variegated phenotype. The line 
were maintained by crossing the heterozygous females or hemizygous males witi 
chromosomally normal c animals. For the purposes of this paper, the symbol D1 
will be used to describe Dp (1; X) Ct heterozygotes and hemizygotes. 
Two states of the controlling element, distinguishable by the levels of c-variega 
tion they permit, were used in the present experiments. Both were derived from 
single translocation line in which the two 'states' of the element were found to b 
segregating despite 12 generations of selection for low levels of c-variegatioi 
(Cattanach & Isaacson, 1967). Each 'state' has subsequently been isolated and the] 
introduced into a common inbred (Ju/Fa) background by way of single progeny 
tested Dp males (Cattanach & Isaacson, 1967). Unfortunately, a consequence o 
establishing the translocation on the inbred background was that the Dp male 
which normally exhibits a low viability (Cattanach, 1961), became a lethal clas 
after the second generation of inbreeding. They could, however, be recovered Ti 
outcrossing the increasingly inbred females of each generation to an unrelate 
stock of males. In the experimental crosses to be described both partially inbre 
and F1 outcross Dp males were employed. The outcross was made with the use o 
chromosomally normal c males of a T (1; X) Ct line that had been selected ove 
15 or more generations for a high level of c-variegation. 
The partially inbred lines and animals carrying the 'states' of the controllin 
element permitting high and low levels of c-variegation have been designate 
H and L, respectively, and the equivalent outcross animals, HX and LX. Number 
associated with these letters, e.g. L 2 , refer to the generation of inbreeding (bacl 
crossing to the inbred) of the Dp males themselves, or in the case of the outcros 
animals, e.g. L4X, they refer to the generation of inbreeding of mothers. Table 
summarizes the observations and interpretations of the c-variegated phenotype 
caused by the 'states' of the controlling element that are carried in the L line an 
H line rearranged (XT) X-chromosomes. 
The aim of the experiments was to determine whether the controlling element 
in addition to controlling the position effect variegation, also influence the heter 
zygous expression of the X-linked genes. Dp males carrying one or the other of tL 
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wo 'states' of the controlling element were crossed with females homozygous or 
eterozygous for the X-linked gene to be studied and the phenotypes of the two 
ypes of doubly heterozygous females were then compared. Crosses were also made 
sing the chromosomally normal males from the same lines as the Dp males; these 
provided control data for any genetic background influences and also tested the 
(-chromosome of the inbred line. Two X-linked genes were subjected to test, 
'abby (Ta) and a new allele at the Mottled locus that has been given the. provisional 
ame of Viable-brindled (Mo'"). 
Table 1. Observation and interpretations of c-variegated phenotypes caused 
by the low and high 'states' of the controlling element 
Line 	'State 	 c.variegation in XT/X yy 
desig- of XT A. 
nation chromosome * 	Interpretation 	Mean amount of c 	Score 
L 	Low 	c+ less frequently Low 	 Low 




H 	High 	c more frequently 	 High 	. 	High 
inactivated when XT (approx. 50 %) 
inactivated 
* State of controlling element in T [;X) Ut X-chromosomes. 
Heterozygous Pa females exhibit a variegated or striped coat. The dark stripes 
ontain much of the hair abnormality of the homozygous female or hemizygous 
iale and the remainder of the coat appears normal (Falconer, 1953). Ta also 
duces the secondary. vibrissae number, the reduction being considerably less in 
lie heterozygote than in the homozygote or hemizygote (Dun, 1959; Dun & 
razer, 1959). In order to assess any influence of the controlling elements upon the 
'a/ + phenotype we elected to score the vibrissae number. This seemed an easier ,  
nd certainly less subjective criterion for the expression of Ta than that of the level 
f the complex Ta banding pattern. 
The vibrissae number of 19 is considered to be an invariant character in un-
lected non-Ta mice, but when Ta is present, influences due to differences in the 
enetic background can be detected (Dun & Frazer, 1959). Unfortunately, we 
ave found it impractical to keep our homozygous/hemizygous Ta stock on a 
niform genetic background; it can, however, be maintained in a healthy, vigorous 
ondition on a mixed (0311, 101, CBA) genetic background. In order to control any 
ias that could be brought into the test-crosses by individual animals, the Ta 
males were circulated amongst the two groups of Dp and chromosomally normal 
iales. A check on any bias brought into the test-crosses from either parent was 
[so provided by the scores of the hemizygous Ta male progeny. 
Mo, hereafter abbreviated to Vbr, also produces a variegated or striped 
henotype in the heterozygous female, the bands being composed of whitish hair 
ke that of the hemizygous Vbr male. The gene causes a slight rippling of the coat 
nd a curling of the vibrissae and this suggests that its primary effect may be on 
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coat structure. The banding seen in the heterozygote is, however, much broade 
than that of Ta! + animals and it is thus possible that the two genes operate upoi 
different cell types. Alternatively, it is possible that Vbr operates upon more thai 
one cell type; certainly a more precise and Ta-like banding is seen in animals i 
which the yellow pigment in the hair is absent, e.g. in non-agouti animals. 
Vbr males are sterile and hence homozygous Vbr females cannot be produced 
Heterozygous females were therefore used in the test-crosses but in all other respect 
these were carried out in an identical manner to those with Ta. The Vbr stock wa 
maintained by repeated backcrosses to wild-type males which were of the sam 
mixed genetic background as the Ta stock. 
Table 2. Expectate,d results of Ta and Vbr test-crosses should these loci be 
affected by the low and high 'states' of the controlling element 
'State' of 	 Daughters 
xr —r 
of tested 	 Expected 	 Expected 	Expression 
male) Genotype 	 phenotype score of mutant 
Low Dp Ta+/.Ta More vibrissae Higher Low 
High Dp Tat/-Ta Fewer vibrissae Lower High 
Low Dp Vbr+/-Vbr Less Vbr-variega- Lower Low 
tion 
High Dp Vbr/- Vbr More Vbr.variega- Higher High 
tion 
The level of expression of Vbr in the test-cross female progeny was estimated in 
similar manner to that used in assessing the level of c-variegation in the tram 
location lines (Cattanach & Isaacson, 1967); the amount of white areas in the coal 
of individual females was estimated to the nearest 5 % and without knowledge c 
the identity of the animals. The scoring procedures were carried out when th 
animals were approximately 3 weeks old and classifications were made on as larg 
groups as possible at any one time. This type of approach was found to reduce th 
errors liable to occur with this admittedly subjective scoring method. The level 
Vbr was only estimated on the dorsal regions of the body for on the agou 
background the paler belly hair often made the Vbr and Vbr areas difficult t 
distinguish. 
The translocation lines are carried on a non-agouti, albino coat colour backgroun 
and hence the c-variegation is seen on a uniform black background. The Ta an 
Vbr stocks are carried on an otherwise wild-type background. The F1 of each tesi 
cross thus show only the Ta and Vbr phenotypes on the wild-type background an 
variegation due to the translocation is not seen. 
Table 2 summarizes the type of result that might be expected in the Ta an 
Vbr test-crosses should those loci be affected by the different 'states' of the coi 
trolling element in the same manner as the rearranged c locus. 
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3. RESULTS 
Since the expression of Ta is subject to modification by the genetic background, 
is necessary to demonstrate that any differences observed between any two sets 
crosses are not due to this factor. For this reason we have carried out the Ta 
st-crosses twice, first using the partially inbred Dp males and then the outeross 
p males. In addition, we have chosen to present the data in such a way that the 
sults obtained with individual males can be seen. Two controls for any genetic 
able 3. The influence of the L and H line XT  chromosomes on the expression of Ta, 




Progeny Ta/+ YY Ta. 
Identity 	test A 
Line 	no. c.variegation (%)* No. Score No. Score 
L 2 5.2d 	4635±290 12 1650±028 21 7•00±0•34 
13.2e 4727 ± 243 14 16.21+0.38 31 661 ± 023 
14.1i 	4660±244 21 1685±012 23 813±036 
14.2c 4625 18 1700±018 18 8-05 	0.47 
26.5e 	5154±240 19 l652±017 24 733±025 
36.3i - 5 1700 9 722 
Total 	47l5±124 89 1667±010j 126 734±015 
H2 	5.4j 5567±292 7 1514 6 666 
8.4j 	 - 10 1610±023 14 786±040 
16.1d 5727±189 6 1500 6 75 
16.1e 	6250±297 25 1528±038 24 725±027 
16.3i 5767±228 11 1518±052 12 783±066 
16.3j 	59.28 2 1450 4 950 
18.2c 5725±247 18 1611±029 26 673±027 
33.1d 	5714 5 1520 7 628 
Total 5821±101 84 1549±015t 99 727±015 
ie progeny test scores were obtained in crosses with c females, the vibrissa scores in crosses 
Lth Ta/Ta females. 
1' The mean estimated levels of c-variegation in daughters of the Dp males in crosses with 
J females; the 'true' levels are approximately 10-15 % lower. 
t t172 = 672; P < 0001. 
t t244 = 033; P > 07. 
Lckground differences between the L or LX and H or HX crosses are available: 
the scores of the Ta males, being further removed from the canalization zones 
an those of the Ta! + females, should be more sensitive to genetic or environ-
ental differences (Frazer & Kindred, 1960) and these should best demonstrate 
iy such differences between the crosses; and (2) the data obtained from the tests 
the chromosomally normal males should differ if any differences observed in the 
p male crosses are attributable to genetic background influences. 
The results of the Ta test-crosses are presented in Tables 3 and 4 and in Table 3 
Le progeny-test scores of the L and H Dp males are also given. These estimated 
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levels of c-variegation (see legend to Table 3) are typical of those obtained in a 
progeny-tests, including those with outcross Dp males; the LX and HX animal 
employed in the test-crosses have not yet been progeny-tested. From both tables: 
can be seen that the mean vibrissa scores of the L/LX Ta! + females are highE 
than those of the equivalent H/HX females. The differences are statisticall 
Table 4. The influence of the L and H line XT  chromosomes on the expression 
of Ta, the XT  introduced through outcross Dp males 
Vibrissa score 
Tested male 
Ta/+ Ta 66 
Identity 
Line 	no. Genotype 	No. Score No. Score 
L4X 1.3i 20 35 794±025 
1.3j 17 1653±047 21 695±02E 
4.4h DP 	20 
17* 25+0-34 
l&50±015 15 780±044 
4.4i 18 1678±019 28 736±036 
9.2e 12 1708±031 22 877±032 
Total Dp 	87 16.82±0.14* 121 777±015f 
3.4e' (35 1711±049 36 761±023 
1O.3f!. Normal 	-28 1746±014 38 771±026 
ll.3cJ 131 1722±015 25 756±029 
Total Normal 	94 17-26+ 0.101 99 764±015 
H 4 X 	l.lg 25 1532±038 26 723±028 
.5.1f 17 1559±051 20 865±039 
6.2d Dp 	9 1488 8 687 
6.2e 27 15'22±029 49 729±021 
24.1f 21 1600±030 26 727±029 
Total Dp 	99 15.44±0.18* 129 746±014f 
2.3b1 
5.1 hl 
117 16•82±029 28 803±032 
Normal-22 1654±016 26 789±028 
6.2cj 119 1742±025 25 668±035 
Total Normal 	58 1691±O15 79 0-19f.  
* 	t186 = 602; P < 0001. 1 	= 1-94; P > 0.05 
t t240 = 1.50 ; P > 005 § t177 = 033; P > 005 
significant in both experiments and that they are not due to exceptional crosses i 
each experiment is shown by the clear tendency for the individual family groups I 
exhibit scores typical of the cross as a whole. By contrast the mean Pa male scor 
do not differ significantly in either experiment. The female differences canrn 
therefore be attributed to genetic background influences; the X-chromosom 
inherited from the Pp males must be responsible. It would appear that ti 
rearranged (XT)  X-chromosomes which bring about the lower level of c-variegatio] 
i.e. more wild type, in the progeny-tests also bring about a lower expression 
Pa (more wild type) in the Pp Ta+/ - Ta females, i.e. the vibrissa scores moi 
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Losely approach the normal number of 19 (see tables 3, 4). The banding pattern in 
le coats of the Ta/ + females was also affected. Females possessing the XT  of the 
line more often did not display any Ta markings; genetic and/or cytological 
sts were necessary to distinguish them from partroclinous XO females. 
The lack of importance of the genetic background in the test-crosses is con-
rmed by the results of the LX and HX crosses in which the chromosomally normal 
tales were tested. Since both groups of animals possessed the X of the inbred 
[U), only differences due to the genetic backgrounds would be expected. As 
able 5. The influence of the L and H line XT  chromosomes on the expression of Vbr, 
the XT  introduced through partially inbred Bp males 
Progeny 
Tested male Vbr-variegation (%) 
Progeny test -& 
Line 	Identity no. c-variegation (%)* No. Score 
5.2d 4635±290 15 4266±315 
14.1i 46•60±244 18 4666±354 
26.5e 5154±240 7 43.57 
Total 47-21+1-53 40 4463 ± 213f 
H2 	16.1e 6250±297 13 5538±535 
18.2c 5725 ± 247 13 62-69+3.68 
Total 5988± 1-58 26 5904± 1-03f 
The progeny test scores were obtained in crosses with c females, the vibrissa scores in 
osses with Ta/Ta females. 
* The mean estimated levels of c-variegation in daughters of Dp males in crosses with 3115 
males; the 'true' levels are approximately 10-15 % lower. 
f 	= 609; P < 0001. 
Lown in Table 4, no differences in the Ta male vibrissa scores were detected and, 
though the mean LX Ta/ + female score tended to be higher than that of the 
X females, the difference was not statistically significant. It should be noted that 
ithe basis of the Ta! + scores the JTJ X-chromosome is effectively indistinguish-
)le from the XT  of the L lines. 
The results of the Vbr test-crosses are presented in the same manner as those of 
.e Ta test-crosses in Tables 5 and 6. It can be seen that essentially the same kind 
response was obtained. The XT  which brings about a lower level of c-variegation 
so brings about a lower level of Vbr-variegation (more wild type) in the coats of 
.e Dp Vbr+/ - Vbr heterozgotes (see Table 5). Although there was no way of 
termining a Vbr male score to serve as a check on any genetic background 
fluences, the test-crosses using the chromosomally normal LX and HX males 
;ain confirmed that such an influence is not responsible for the female differences 
the Dp crosses. Again it should be noted that as in the Ta test-crosses, the JTJ 
-chromosome is effectively indistinguishable from the XT  of the L line. 
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Table 6. The influence of the L and H line XT  chromosomes on the expression of Vi 
the XT  introduced through outcros.s Dp males 
Progeny 
Tested male Vbr-variegation (%) 
Line 	Identity no. Genotype No. Score 
L 4X 	 3.2e 14 3893 ± 368 
3.5g 
Dp 
12 4167 ± 445 
7.1 h 18 41•94±338 
13.1cI 16 4469±424 





Total Normal 45 4189 ± 2.43j- 
H4X 	 6.1g 9 5333 ± 500 
6.2e 15 4967 ± 379 
11.lj Dp 15 5300±395 
3.23' 5 5200 
24. If 25 5360 ± 352 
Total Dp 69 5250 ± 1.96* 





Total Normal 43 4372± 1•96j- 
*t123 = 386; P < 0001. j 4 7 = 059; P > 05. 
4. DISCUSSION 
The results of the test-crosses clearly indicate that the levels of expression 
Ta and Vbr in the heterozygous female is influenced by some property of t 
X-chromosome itself. Each Dp male possessing the L line XT  produced Ta! 
(Dp Ta+/ - Ta) daughters with higher mean vibrissa scores and Vbr/ + (Dp Vbi 
- Vbr) daughters with lower amounts of Vbr in their coats than the equivale 
daughters of Dp males possessing the H line XT.  Thus, the shift in the level 
expression of all three characters (c, Ta, Vbr) attributable to one XT  relative to t 
other always lay in the same direction (see Tables 3-5). Since the possibility is 
remote that there could be independent X-linked modifiers of each locus whi 
only influence the heteroyzgous phenotype and which always shift the phenoty 
of each character in the same direction, there can be little doubt that only a sink 
modiflying system is operating, i.e. the controlling element system detected wi 
the use of the translocation. 
That the controlling element system is not restricted to the rearranged 
chromosomes is demonstrated by the results of test-crosses using chromosomal 
normal animals. As observed with the XT  chromosome, the influence of the JTJ 
on the expression of Vbr paralled its influence on Ta. In addition, the 315 X cmi 
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iot be effectively distinguished in individual test-crosses from the L line XT.  This 
bservation becomes more meaningful when some information from an accom-
)anying experiment is introduced. It has been found that changes in the 'state' of 
he H line XT  controlling element can occur on the JIT inbred background, i.e. 
vhen heterozygous with the X of the inbred, but that this does not appear to be 
rue of the L line XT  (Cattanach, Perez & Pollard, in press). When the results 
f both experiments are considered together it may be concluded that the J1J 
-chromosome possesses the L line X 'state' of the controlling element and that 
he observed changes in 'state' of the H line XT  element most likely occurs as a 
esult of crossing over between the XT  and the normal X-chromosome. It should be 
dded that when such changes are detected, the changed H line XT  chromosomes 
annot be distinguished from the JTJ X or L line XT  in either the Ta or Vbr test-
rosses; the level of expression of all three characters changed together. Since it is 
:nown that the L line XT  can also change to a form indistinguishable from the 
El line XT  when heterozygous with other normal X-chromosomes (Cattanach & 
Isaacson, 1967), indirect evidence for the existence of normal X-chromosomes 
)ossessrng the H line XT  'state' of the controlling element exists. Such chromosomes 
hould be recoverable from the H line by crossing over. 
Further evidence that there is a controlling element system in normal X -
hromosomes which can modify the heterozygous phenotypes of sex-linked genes 
an be derived from three independent sets of data: 
Falconer & Isaacson (1969) have found that the degree of expression of 
rindled, another allele at the Mottled locus, can be modified in the heterozygote 
nd that this is controlled by some property of the X-chromosome itself. Their 
:xperiment was specifically designed to test the possibility of non-random X-
ractivation and their results conclusively disproved this to be a possible mechanism. 
he data could also rule out cell selection as the the responsible mechanism. 
B. M. Kindred (personal communication) on crossing several lines of Ta mice 
elected over several generations for high and low secondary vibrissa numbers has 
bund that there are X-linked modifiers of Ta which are closely linked to the Ta 
ocus and which only modify the allele that has been under selection. 
M. F. Lyon (personal communication) has created a line of mice in which 
yro, an X-linked gene located at the extreme end of the linkage group, exhibits a 
dgh penetrance in the heterozygous female, and she has found that 'high Gyro' 
vill disappear and arise as a result of crossing over with other X-chromo-
omes. 
All three sets of data suggest that there are X-linked modifiers of X-linked loci 
nd that these only operate upon the allele located in the same chromosome. The 
)arallelism of the data with those presented here and with those of our earlier 
ublications (Cattanach & Isaacson, 1965, 1967) strongly suggests that a single 
nechanism is responsible. Kindred's observation that the modifiers of Ta are 
losely linked to the Ta locus is particularly intriguing since the controlling 
lement is known to be closely linked to the translocation break-point (Catta-
iach & Isaacson, 1967), and in more recent estimates (Cattanach, Perez & Pollard, 
IS 	 GRH 
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in press) it has been shown to be located at about the same distance from th 
break-point as is Ta. 
Since the results of the present experiments indicate that the controllin 
element system can modify the heterozygous expression of X-chromosomal gene 
it would seem most likely that the effect is brought about by the same or by 
related mechanism to that controlling the c-variegation. The system is considere 
to operate by determining the frequency with which the rearranged autosomal bc 
are inactivated in those cells in which the XT  is inactivated, i.e. the differen 
'states' of the element influence the inactivating properties of the X such that th 
position effect variegation is modified (Cattanach & Isaacson, 1965, 1967). J 
seemingly analogous situation has recently been described in Drosophila. Spoffor 
(1967) has shown that an allele at a locus closely linked to the duplication 
Dp (1; 3) wm264.58a,  suppresses position effect variegation for w, and Cohen (19 62) ha 
shown that different 'states' of the duplication influence the variegation o 
neighbouring rearranged loci in the same manner as w. Presumably the modifier i 
altering the inactivating properties of the associated heterochromatin. In th 
present system, it might be postulated that the controlling element is responsibi 
for the inactivation of the X and that the different 'states' differ in degree o 
effectiveness with regard to this property. 
Before developing this concept it is necessary to demonstrate that the modifica 
tion of the heterozygous phenotypes cannot be attributed to other possibl 
mechanisms, i.e. non-random X-inactivation or selection operating upon the tw 
cell populations that result from X-inactivation. The data of Falconer & Isaacsoi 
(1969) undoubtedly provide the best evidence that these mechanisms are no 
operating with normal X-chromosomes, but the evidence obtained from the trans 
location experiments is also quite convincing (Cattanach & Isaacson, 1965, 1967) 
It has been established that the level of c-variegation is solely dependent upoi 
the XT;  substitution of one normal X for another does not influence the variegate 
phenotype. This is also evident in the test-crosses where the parallelism in th 
results indicates the XT  is responsible for the levels of expression of Ta and Vbr 
The mean level of c-variegation never exceeds 50 %, i.e. there is always ai 
excess of wild type. The 50 % maximum is important, for it suggests that th 
responsible mechanism is only operating upon one X—the XT. 
A related consideration is that the hemizygous Dp genotype has a low viabilit 
at the organism level (Cattanach, 1961) and it is therefore unlikely that at the eel 
level the Dp genotype would have any selective advantage over the normal. Again 
the parallelism of the results obtained with Ta and Vbr indicates that the mechanisn 
is not limited to a single cell system; the effect is seen in two and possibly thre 
different cell populations. Further, the apparent advantage of the XT  chromosome 
over the normal in the transbocation lines and test-crosses are duplicated by th 
apparent advantage of the same normal X-chromosome when subjected to th 
same test-crosses. When all the data are considered together, it would seem mosi 
unlikely that the differences between the H line XT  and L line XT  or JTJ X, a 
observed in the progeny-tests and test-crosses, could be the consequence of non 
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andom X-inactivation or selective mechanisms operating at the cellular level. 
lather it seems that the levels of c-variegation characteristic of each XT  are 
Lependent upon the inactivating properties of the X and that these properties 
elate to the level of inactivation of the X itself. It may thus be proposed that 
-chromosome inactivation can be 'incomplete', the level of inactivation or the 
requency of cells in which inactivation is incomplete being dependent upon the 
state' of the controlling element located in the X. 
Incomplete inactivation of the mammalian X-chromosome has long been 
onsidered to be a possibility primarily because, as a mechanism of dosage corn-
)ensation, X-inactivation appears to be an imperfect process, e.g. in man aneu-
)loidy of the X is associated with abnormal phenotypes. The line of thought has 
een that there might be a region of the X, both in man (Ferguson-Smith et at. 
L964; Ferguson-Smith, 1965) and in the mouse (Russell, 1963), that is free of the 
nactivation process, or that some loci may not be inactivated (Beutler, 1964). 
Che results of the present experiments suggest quite a different level of incomplete 
nactivation, for it pertains to loci that are clearly subject to inactivation. 
It has previously been proposed (Oattanach & Isaacson, 1967) that the mouse 
\'-chromosome controlling the element can be equated to the postulated X -
nactivation centre (Grumbach, 1964; Lyon, .1964; Russell, 1964) and the results 
)f the present experiments strongly support this concept. If this is true, it would 
eem unlikely that there is a spread of inactivation from the inactivation centre 
dong the X in the same manner as across regions of adjoining autosome as sug-
ested by Russell (1964). The controlling element is known to be centrally located 
n the linkage group (Cattanach & Isaacson, 1967; Cattanach, Perez & Pollard, in 
ress), and although the two X-linked genes studied in the present experiment are 
Liso located in this region our data suggest that they need not be completely 
nactivated. Moreover, were there a spread of inactivation along the X, more 
emote loci might be expected to be free of the inactivation process, and yet, for the 
me gene that can be tested, this has proven to be untrue (Lyon, 1966). 
An alternative possibility is that the spreading effect observed with the re-
Lrranged autosornal genes only indicates some change in the inactivation of the 
Y-chromosome as a whole. Observations on the nature of the position effect variega-
ion (Cattanach, unpublished) suggest this variegation is attributable to the reversal 
)f inactivation of the rearranged autosornal loci in some melanocytes migrating 
aterally down the sides of the body (Rawles, 1948; Mintz, 1967). Such pigmented 
lones of cells can be seen as spots or 'half-bands' in an otherwise non-pigmented 
albino) background. By analogy with this aspect of the position effect variegation 
.t may be proposed that in certain clones of cells X-chromosomal loci may be 
eactivated or, at least, show some degree of activity. Evidence of such a reversal of 
Lnactivated chromosomes during the development has been obtained in some 
3pecies of mealy bugs (Nur, 1967). In these species, loss or damage to the apparently 
Lnactive, heterochromatic chromosomes results in developmental abnormalities as 
loes aneuploidy of the X-chromosome in mammals, notably in man. 
In concluding, it should be pointed out that the stress laid on the involvement of 
i6-z 
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only one of the two X-chromosones, the XT,  in the control of the position effec 
variegation need not apply to variegation for the X-linked genes. These loci ar,  
present on both chromosomes and, depending on the 'state' of the controlluii 
element carried on each chromosome, one or both alleles may be completely o 
incompletely inactivated. Depending on the dominance relations of the gene unde 
study a range of phenotypes from a clear-cut mosaic to a diffuse mosaic could b 
expected. 
SUMMARY 
The mouse X-chromosome controlling elements, detected by their influence oi 
the position effect variegation caused by the X-autosome translocation T (1; X) C 
have been found to modify the heterozygous phenotypes of two X-linked genes. I 
is proposed that X-inactivation can be incomplete, the level of inactivation or th 
frequency of cells in which inactivation is incomplete being dependent upon th 
'state' of the controlling element located in the X. The data suggest that this is 
consequence of a reversal, or partial reversal, of inactivation of the X as a whole ii 
some cells rather than a vairable spread of inactivation along the length of the X 
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SUN'1ARY 
X..ljnked modification of the heterozygous phenotypes of Xlinked 
genes has been detected in the X chromosomes of several, inbred strains 
of mice. The effect is similar to that of the alternative Ostatesi g  
or alleles, of the Xchromosome controlling element s Age ,  identified 
in T(lX)Ct X chromosomes. Tests on two such differing X chromosomes 
have indicated that the phenotypic modification results either from 
non-random inactivation of the two X chromosomes or from selection 
operating on the two cell populations differentiated by X-inactivation. 
The data provide evidence of non-random X chromosome activity in the 
somatic cells of the female mouse. 
INTRODUCTION 
Female mice heterozygous for the flecked () L.mntosome tran&. 
location 9 T(1;X)Ct express variegation for autosoirial coat colour 
genes that have been inserted into the X (Cattanach 9 1961; Olmo and 
Cattanacb 9 1962). The primary cause has been attributed to the 
inactivation of the rearranged autosomal loci when the rearranged X 
is inactivated (Cattanach and Isaacson, 1965) in the course of the 
normal process by which one or other of the two X—chromosomes becomes 
genetically inactivated in the somatic cells of the female (Lyon, 1961)0 
A secondary cause is thought to be a variation in the degree of spread 
of the inactivating properties of the X into the attached autosomal 
regions (Cattanach 9 1961 1963; Russell,  1963). The amount of 
variegation expressed in T(l;X)C.t heterozygotes is also subject to 
genetic control by an element, designated the X chromosome controllipA  
element, Ice, which is located in the X chromosome itself (Cattanach 
and Isaacson, 19659 1967; Cattanach 9 Perez and Pollard, 1970). Thur., 
two alternative "states" 9 or alleles, of the controlling element have 
been detected 9 these permitting different levels of autosomal gene 
variegation. In all tests carried out the control has rested 
exclusively upon the element located in the rearranged X(XT)9  no 
influence of the normal X (X) or of the genetic background having 
been detected. Primarily for this reason Xce has been postulated to 
control the demonstrable spread of the inactivating properties of 
the X into the associated autosoina]. region (Cattanach 0 1961). Lack 
of interaction between the 
X 
  and the XN in the heterozygous 
female appeared to rule out the possibility that Xce operates 
by biasing the randomness of X-inactivation or by creating a 
difference between X and X chromosomes which might allow selection 
to operate upon the 
X  
active or e active cell populations 
differentiated by X'inactivation (Cattanach and Isaacson, 196, 1967; 
Cattanach 0 Pollard and Perez,, 1969) 
Xco has also been found to modify the heterozygous phenotypes 
of at least two X1inked genes and from this it has been concluded 
that the control operates upon the inactivation of the whole X 
chromosome and only incidentally upon the rearranged autosoinal loci 
(Cattanach &t a.9 1969). On the premise that an interaction between 
X chromosomes is not the responsible mechanism, it was postulated 
that Xce controls the degree of inactivation of the X chromosome 
in the same manner as it controls the inactivation of the attached 
autosornal loci, i.e. the alternative "states" of 	and 
permit complete and incomplete inactivation of the X, 
respectively 9 with a corresponding greater or lesser spread of the 
inactivation into the autosoma]. region (Cattanach et alp, 1969). 
The two alternative "states" of Xce, have so far only been 
detected in T(1;X)Ct X chromosomes but from a series of genetic 
data (Cattanach ot al., 1969, 1970) the X chromosome of the inbred 
strain JU/aCt has been deduced to carry 	This communication 
reports the results of experiments upon other normal X chromosomes. 
These have provided evidence 0f non-random X chromosome activity, 
IMTHODS AND MATERIALS 
The aim of the experiments to be described was to distinguish 
X-linked control of the heterozygous phenotypes of Xc1inked genes by 
normal mouse chromosomes and determine whether this operates by 
the mechanism postulated for the Xce system, i.e. incomplete 
inactivation. The method envisaged was to screen the X chromosomes 
of several inbred strains for such properties by subjecting then to 
tests proven to be capable of distinguishing Xce and Xce in 11 
chromosomes (Cattanach et al0 9 1969), and subsequently determine 
whether or not the substitution of differing normal X chromosomes 
in T(1;X)Ct heterozygotes can modify the translocationinduced 
variegation. 
Previous experiments have shown that the alternative "states" 
ofXce in T  d JU X chromosomes can be distinguished in test 
crosses utilizing the X1inked genes, Tab () and Viable-brindled 
- (io v___bx' ), hereafter denoted 	The procedure carried out was as 
follows: Males carrying the X chromosomes to be tested were 
crossed with Ta and Vbx' females and the influence of the tested X 
upon the 	and X/+ phenotypes of the daughters was assessed. 
In the ease of Ta, this was achieved by scoring the secondary 
vibrissa number which is reduced from the reportedly invariant 
number of 19 in non-Ta animals to an average of about 117 in the 
Ta hoterozygote (Cattanach et al .,, 1969; Dun, 1959; Dun and Frazer, 
1959). The vibrissa numbers of the Ta male progeny from this cross 
were also obtained to serve as a check on any non-X-chromosomal 
influences upon Ta that could invalidate the test,, In the case of 
Vbx', the amount of white hair () in the coats 'of individual 
females was estimated to the nearest 5%, scoring at least 30 
females at a time and without knowledge of their origin. This 
method has been employed successfully as a standard procedure in 
experiments with T(l;X)Ct variegation (cattanach et al *, 1969). 
The expression of Ta . both in the heterozygote and hemizygote, 
has been found to be subject to modification by the genetic background 
(Dun and Frazer, 1959; Gruneberg 9 1965; Sofaer 9 1969) 9 and this may 
well also be true for Vbr Thus, in order to distinguish 11 chromosomal 
inf].uences 9 it is necessary to standardize the genetic background 
both of the males whose X chromosomes are being tested, and of 
the Vbr and Ta females employed in the toot-crosses. In the case 
of the males this was achieved in the following way: The JU X 9 
which in known to carry the Xce form of the controllinge1ement, 
was taken as the standard for comparison* Reciprocal crosses 
were made between JU and each of the inbred strains to be 
investigated. Uithin each set of reciprocal crosses the F males 
would then have the same uniform genetic background but those from 
one cross would possess the JU X while those from the reciprocal 
would possess the X of the inbred under toot. The F males from 
each set of reciprocal crosses were subjected to the Vbr and Ta 
test-crosses and the influence of each X upon the heterozygous 
phenotypes of the daughters was then compared with that of the JU X 
on the same genetic background. The Vb.T and Ta females employed 
in the test-crosses were rotated among the males under test. It 
was hoped that the procedure would reduce any bias brouht into the 
test-crosses from this source0 
The X chromosomes of five inbred strains were subjected to 
comparative tests with JIJ. These included A/H 9 C57BI/H, 101/H 
CBA/H and C31L/HeH, 
The Vbr and Ta females employed in the test-crosses were of a 
somewhat different genetic background from those used in previous 
experiments (predominantly C3HeB/FeJ) (Cattanach et al-.,,1969). This 
was necessitated by our move from the City of Hope Medical Center 
to the Harwell unite In this laboratory 0 the Vbr stock is 
maintained on a C3H/IIoH x 101/H hybrid background by crossing /± 
females to 	hybrid males. In all rossee the males carry the 
C311"31. Hence, as in the original stock., the 3) X is carried 
heterozygously with 'a C3H X. All Vbr females, both from the stock 
and progeny of the test'crosses showed the Vbr mosaicism an an 
agouti background coat colour. The 	females employed in the test 
crosses were beterózygotès derived from a 39 -chromosome XC stock of 
mice maintained on the same C31/H0H x 101/2 hybrid background. 
Since the Th gene is carried in the hemizygous condition'( 	0 and 
Ta Y) in the X0 stock, the use of these animals assured that all 
Ta chromosomes introduced into the test -crosses were identical. 
Xlinked modification of the heterozygous phenotypes of X. 
linked genes could be postulated to result from a number of mechanisms. 
It could result from incomplete inactivation as postulated for the 
2~qe  system, or it could result from an Xc,X interaction operating at 
either the chromosomal or cellular level, i.e. from a bias to the 
21-inactivation process or from selection operating upon the two 
cell populations differentiated by L'inactivation. 
The first of these cannot be distinguished from the other two 
in experiments with normal X chromosomes for the alleles of any 
gene studied are present on the two chromosomes. However with an 
Xautosome translocation, such as T(1X)Ct 9 a distinction can be 
made the gene responsible for the variegation is carried on only 
one X 0 the xT,  end, hence, the substitution of normal X chromosomes 
known to differ in their effects upon the heterozygous phenotypes 
- 6 
of Xolinked genes should only influence T(1;X)Ct variegation if the 
mechanism responsible operates through some kind of differential 
interaction (chroniosotnal or cellular) between the 0 chromosome 
under test and the X 
T Chromosome0 The test is therefore essential 
for the interpretation of all the data. 
The T(l;X)Ct animals employed in the present experiment 
possessed the chromosornally unbalanced, duplication (Dp) form of the 
rearrangement (Cattanach, 1961), i.e. they carried a piece of linkage 
group I bearing the wild type allele of albino () inserted into the 
X in addition to an otherwise normal autosoma]. complement. The Dp 
stock is currently maintained on a JU/aCt x A/H hybrid background by 
crossing Dp females of each generation to F1 hybrid males carrying the 
JU X. Both JU and A are homozygous for albi no, (c), hence all Dp 
females shots a cvariegated phenotype. Both strains are homozygous 
for nonguti () but the A strain is also homosygous for bro wn (fl). 
Brown (b) Dp females were not used in any of the matings, and, hence, 
most of the Dp progeny shored a .'variegated phenotype on a black 
background coat colour. Only the black progeny were considered in 
the present study. 
Trio lines are maintained within the stock; one (IDC) carried the 
form of the controlling element in its 	and the other (Lx) 
carries the Xco1 form. On a a background colour recent estimated 
levels of c-variegation in the two lines have been approximately 6O 
and 57% respectively (Cattanach and Perez, 1970). The true levels 
are believed to be somewhat lower (Cattànach and Isaacson, 1967) 
One of the X chromosomes found to differ from JU in the Ta and 
\Tbr test-crosses was subjected to the further test for interaction 
with the X chromosomes. F1 hybrid reciprocal cross males carrying 
the JU X or the X to be tested were mated with Dp females of both BX 
and LX lines. In each set of tests Dp sibs, matched for the level of 
i-variegation they showed, were employed in order to reduce any 
variables as far as possible0 The levels of variegation among the 
progeny of the four crosses were assessed as described earlier when 
the animals were 6 weeks old. The scoring was carried out without 
knowledge of the genotypes, 
RESULTS 
Vbr test-crosses: The results of the Vbr test-crosses (Table 1) 
demonstrated clear differences between the X chromosomes of some of 
the inbred strains. Thus, the A 9 101 and C3H X chromosomes markedly 
enhanced the Vbr scores over those obtained with the JU X 9 whereas 
the C57 X did not. An unexpected finding emerged from the OBA tests; 
one male (CBA 1) yielded a moan score indistinguishable from that with 
the JU X, whilst the other (CBA 2) a sib, clearly differed, yielding 
the highest score of any test. Differences between the X chromosomes 
from within an inbred strain were not anticipated. If the result 
does not stem from some malfunction of the test, it must be concluded 
that either one or the other of the two CBA X chromosomes is a variant. 
The mutation responsible could have occurred in a maternal germ cell 
or it is possible that the mother was a heterozygoto0 
It may be noted that the scores obtained with the JU X differed 
little in each of set tests. This suggests that the genetic background 
does not play an important part in influencing the Vbr contribution 
as determined by the scoring procedure employed. This also appears 
true when a comparison is made with the results of earlier experiments 
T 	 . (also shown in Table 1) upon the X chromosome carrying Xce and upon 
the JU X which also carries Xce. If this comparison is a valid one 9 
then the 14 9 and 101 X chromosomes yielded Vbr scores which were very 
similar to that characteristic of the XT  chromosome carrying Zce 
(Table l) The C3H and CBA-2 scores were somewhat higher. 
Ta test-crosses: The results of the Ta'test-crosses are shown in 
Table 2 It can be seen that the same kinds of influence were 
exerted by the various tested chromosomes upon the 	phenotype as 
upon the 	/+ phenotype although the differences were generally less 
clear cut. Thus the A and C3H X chromosome again differed from that 
of JU and the shift in phenotype was in the same direction as in 
the Vbr test-crosses (greater mutant effect). Similar differences 
were found when the 101 and JU X chromosomes were compared but t in 
contrast to the results of the Vbr testcrossea 9 these did not prove 
to be statistically significant. With the Ta test, the C57 and JU X 
chromosomes again could not be distinguished. Reciprocal cross 
male differences were not apparent in any of the tests (Table 3). 
This confirms that the 	female scores were not biased by genetic 
background differences. 
The results of the CBA Vbr test-crosses could only be partially 
confirmed with Ta because of the death of one of the males (CBA 1). 
However, the CBA X of the surviving male (CBA 2) again proved to be 
different from that of JIJ; the shift in phenotype was in the same 
direction as in the Vbr test-crosses and the magnitude was greater 
than that of most other tests. The scores of the Ta males were also 
somewhat lower 9 however. It may be noted that in both the Vbr and Ta 
test-crosses the C3H and CBA.2 X chromosomes appeared to shift the 
phenotypes to a greater extent than either the A or 101 X chromosomes. 
Three types of X chromosome may thus be represented in these tosta 
that of J1J or C57 that of A or 101 and that of 0314 or CBA 2. 
Also included in Table 2 are the mean vibrissa scores of the 
progeny of three HX and three LX males carrying 	and 
respectively, in their 
X 
  chromosomes. The genetic background of 
these males was similar to that of the JU x A reciprocal cross males, 
and, hence, may justifiably be compared. It can be seen that while 
the LX and JU scores do not differ, that for IIX is somewhat lower 
than that for A. and the difference is statistically significant at 
the 5% level (t1o5 = 2.30). However, since the Ta male scores were 
also rather low in the HX group, it is not clear whether the HX A 
W'± difference is meaningful. 
The scoring of non-Ta animals in these tests yielded an 
additional piece of information. Both male and female non-k animals 
were regularly found which possessed 18 9 rather than 19, vibrissae. 
The frequency was highest in the test-crosses involving the JU x A 
hybrid males (25) but considerably lower (8%) in all other crosses. 
There was no indication of any difference in the frequencies found in 
reciprocal crosses or between male and female progeny. The data 
thus suggest that the secondary vibrissa number is modified by the 
genetic background and that it is most markedly influenced by that 
of the A strain. 
Tests for interaction: Of the four strains (A, 101, CBA and C3H) 
whose X chromosomes were found to differ from that of JU in the Vbr 
and Ta test-crosses, only the A strain carries albino (c). Since c 
10 
is required for the appearance of a variegated phenotype in Dp 
females the A X was the obvious first choice to test with the JU X 
for interaction with the 
X 
  chromosomes in Dp females. The results 
are shown in Table k which also presents the data obtained with XT  
chromosomes carried heterozygously with the JU X in earlier generations 
It can be seen that Dp females carrying Xc,e © in their 
X  chromosomes 
(HX line) exhibited significantly lower moan scores when the A X 
was present rather than the JU. Suppression of cvariegation by the 
A X was also indicated in the tests with X T  chromosomes carrying 
(LX line); the latter difference between the JU and A X crosses 
was statistically significant (at the 3 level) but this =3 not true 
when the results of the A X cross was compared with those of earlier 
generations e.g. with LX, generation 9, 
t 118 = 1.86; P .05. The 
lessor suppression obtained with Xco may indicate that an opposing 
selective force is operating; the homizygouc Dp male genotype has a 
low viability and it may be that selection is taking place either at 
the cell or organism level in the heterozygous fomalo enhancing 
the mean levels of c'=variegatione On the other hand., the data 
suggest that the effect of the JU-A substitution is loss than an 
Xce0 X Xco substitution and this was also suggested by the 
results of the Ta test-crosses (Table 2). It may be that the A-JU 
difference is so small that it is hard to establish in experiments 
of this magnitude. 
Jhatever the degree of effect, the data indicate that the 
substitution of one X for another can modify T(1;X)Ct variegation 
and this implies that some kind of interaction operating at either 
the chromosomal or cellular level is involved. It should be noted 
11 
that in these tests a lower score maxis a higher effect by the 
allele carried in the 
X  chromosome. The direction of the effect 
caused by the A=J1J substitution is thus the same as in the Vbr 
and Ta test-crosses. This would indicate that an X chromosomal 
or cellular interaction, operating in the somatic cells of the 
female, is the mechanism responsible for the differences in the 
heterozygous phenotypes observed in the various crosses. 
DISCUSSION 
The results of the 30jr and Ta test-crosses clearly chow that 
the substitution of one X chromosome for another, each carrying the 
wild type alleles of Vbr and Za, can markedly influence the phenotypes 
of Vbr and Ta heterozygotes. On this basis, to or, more probably, 
three different types of X chromo8omes have been identified. One 
type is that of JU and C7 Q another is that of A and 101, and a 
possible third is that of C3H and the single male carrying a CBA 
X (CBA 2) subjected to both the Vbr and Ta tests. It is interesting 
to note that the effect of the X chromosome substitutions parallels 
observations of other investigators concerned with the influences 
of the whole genetic background upon the heterozygous Ta phenotypes. 
Thus, Sofaer (1969) has noted that the influence of Ta on the teeth, 
coat and secondary vibrisea number is enhanced in crosses to the A 
strain and reduced in crosses to JU. Likewise, data obtained by 
Kindred (1961) suggest that the vibrisea scores of 	females 
derived from crosses to the A and CBA strains tend to be lower 
(eater Ta effect) than those derived from crosses to C57. 101 
appeared to have an intermediate effect. It is also noteworthy that 
0  
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Russell (1971) in attempting to distinguish the contro11in]ment 
in the K chromosomes of several inbred strains found that the tail= 
kinking caused by the Xclinked gene, Bent-tail (Bn), in the 
heterozygote is lower in crosses introducing a B4/10 (a subc ,line of 
C57) X than in equivalent crosses introducing the K chromosomes of 
other inbreds. Unfortunately, her experiment did not permit the 
distinction of K chromosomal and genetic backgrounds effects. The 
data reported in ,the present communication suggest that a great part, 
but not all, of the genetic background influences upon Ta are due to 
the K chromosomes and that the mechanism operates not only upon the 
Ta locus but probably on all X1inked loci, i.e0 on the X chromosome 
as a whole. It is of interest that Kindred's (1961) data suggest 
that the CBA X 'modifies 	vibrissa scores in a similar manner to 
the A X. If this does not stem exclusively from the genetic back-
ground differences that existed, her data suggest that the CBA 2 X 
of the present study is that typical of the strain. 
The data presented demonstrate X1inked modification of the 
heterozygous 	azid Ta phenotypes. They do not demonstrate 
whether or not the hemizygous phenotypes are also affected for the 
simple reason that the K chromosomal differences were only detected 
in chromosomes carrying the wild type alleles of the genes 
investigated. However, since the probability is so remote that 
Xlinked modifers exist which operate on more than one locus it 
will not be considered further in this paper. With the knowledge 
that one or other of the two X chromosomes is genetically 
inactivated in the somatic cells of the female (yon, 1961) it is 
mach more probable that the control in some way related to the 
- 13 - 
Xcinactivation process0 
The finding that the substitution of an A X for a JU X modifies 
the levels of Dp female ,-variegation in the came way as it influences 
the heterozygous 	and Ta phenotypes demonstrates that the mechanism 
involved operates upon some kind of interaction between the X 
chromosomes in female cells or between the two cell populations 
differentiated by Linaetivation0 The consequence 0 as observed at 
the phenotypic level in at least two different coil types, malanoblasts 
(i.e. c) and hair follicle cells (i.e0 Vbr and Ta), is non-random 
X chromosome activity. The data do not distinguish how the non-random 
X activity is brought about but the two most probable mechanisms are 
coil selection and non-random X-inactivation and of the tio 0 the 
former must initially be favoured. The X-inactivation process 
creates two genetically different cell populations and it would 
not therefore be unexpected if selection should favour one or the 
other during groth and development. Evidence that cell selection 
can modify the mosaic phenotypes resulting from the presence of tuo 
differing populations has been obtained by Unto (1971) in her 
studios on chimasric (allophenic) mice but more pertinent evidence 
is available from studies on the reciprocal horse x donkey hybrids, 
the mule and hinnoy. X-inactivation in these animals creates cells 
with the horse X or donkey X genetically active and Hamerton 9 
Richardson, Qoo, Allen and Short (1971) and Giannelli and Hamerton 
(1971) have obtained extensive evidence of in vitro selection 
favouring coils with the horse X active. Further,, Hook and 
Bruetman's (1971) study of a large group of female mules has provided 
evidence that cells with the horse X active also tend to predominate 
14 
If the mouse data are interpreted on the basis of cell 
selection, it may be concluded that when in competition with cells 
with the Vbr or Ta X active, or with cells with the Xce° or Xce XT 
active, in the female progeny of the respective test-crosses, cells 
with an A X active are less successful than are cells with a JU X 
active. 
Before considering the possibility that nonrandom X-jnactjvatjon 9 
rather than cell selection, may be responsible mechanism g it is 
necessary to evaluate the implications of the new data for the 
interpretation of the Xce system. The Xce locus has been found to lie 
close to the T(l;X)Ct breakpoint in the X chromosome and probably 
very close to Ta (Cattanach, 1970). The two alternative 'states' 
or alleles, of Xce detected in T(1;X)Ct X chromosomes permit different 
levels of variegation for all of the three autosomal coat colour 
genes (c, p and ru-2) inserted in the X (Cattanach 9 1970) and also 
modify the heterozygous phenotypes of at least two Xrlinkod genes, 
Ta and Vbr. The Xce system has been thought to operate upon the 
inactivation process 9 controlling the degree of inactivation of the 
X and inserted autosomal material, primarily because the effect had 
been found to be produced entirely independently of the normal X 
chromosomes present in the Dp females (Cattanach and Isaacson, 1967; 
Cat tanach et al., 1969) • In now demonstrating that an A X - J1J X 
substitution modifies the levels of 'variegation, the results of the 
T(l;X)Ct test, here described, seriously weakens this hypothesis, 
The fact that the consequences of A X - JU X substitutions are much 
smaller than those of xT9  Xce 	XT, Xce1 substitutions does not 
alter this conclusion. Possibly a C3H X JU X substitution would 
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have produced a greater effect. Further, since the X   and XN 
chromosomes produced the same type of influence upon the Vbr and Ta 
heterozygous phenotypes and since,, at least for the A JIJ difference, 
the effect has been shown to operate by an interaction mechanism, it 
i.s perhaps unwarranted to consider that two different systems 
modifying the heterozygous phenotypes of X1inked genes may exist. 
At least until it can be proven otherwise it. should be taken that. the 
system and that governing the differences between X chromosomes, 
illustrated in the present experiments 9 all operate by the same 
mechanism, i.e. by some kind of interaction between the X chromosomes 
or between the two cell populations differontiated by K-inactivation0 
This conclusion should also be applied to those examples of K-linked 
modification of the heterozyGous phonotypos of K-linked genes observed 
by other inve8tigatoxs0 These include X-1-inked modification of Ta 
(Kindred, quoted in Cattanach et al. , 1969)9 Brindled (Falconer and 
Isaacson, 1969), an allele of Vbr o gyro (Lyon quoted in Cattanach 
et a10, 1969) and Brindled and Greas (Grahn, Lea and Hulesch, 197 0 ) 
The possibility that non-random K-inactivation, rather than ccll 
selection, is the mechanism responsible may not be considered0 
It has been pointed out that in each of the above-mentioned 
cases, the modifying factor appears to be located in the vicinity 
of the Ta locus and that this is probably also true for Xce 
(Cattanach at al., 1970), i0e0 it is possible that only one locus 
is involved. If this proved to be so, then this might constitute 
evidence that the mode of action is upon the K-inactivation process. 
On the other hand, should the modifications of the heterozygous 
phenotypes caused by the individual X chromosomes prove to result 
_ 16 
from differences at several loci, cell selection would be the more 
likely to be the correct explanation; it would seem highly improbable 
that several different loci could affect X-inactivation. In theory, 
at least, it should be possible to distinguish between the two 	 - 
mechanisms on the basis of the distribution among a large number of 
animals of the two cell types differentiated by Xinactivation. Non-
random inactivation should produce a binomial distribution around the 
mean of the population. Random inactivation followed by cell selection 
should show a departure from a binomial distribution. None of 
the 302.r data (pooled A. 101; pooled C3H CBA 2; JU; XT, Xce0 or XT 
indicate a departure from a binomial distribution 9 but it must 
be stressed the scoring procedure is probably too inaccurate to 
allow any firm conclusion to be drain from this. A cytological 
study of the HX and LX XT  lines might resolve the problem. 
In concluding, it should be noted that, since the presence of 
different X
N  chromosomes can modify translocationinduced variegation, 
the amount of variegation expressed for the individual autosoznal loci 
concerned in any one rearrangement can only be validly compared when 
the X chromosomes are the same. For the T(l;X)Ct rearrangement 
albino (c), inky, ()' and 	y2 (ruos2 )- variegation have 
been compared when the X has been of a C57 or JU origin (Cattanach, 
1970). Since these chromosomes have not been found to be 
detectably different, the levels of variegatior, characteristic of 
each gene and taken to indicate their relative distances from the 
autosomal breakpoints, do not need to be modified. 
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Table 1 
The influence of the X chromosomes of the inbred strains upon 
the expression of VbT in the female. 
data of Cattanach et al. (l99jXT  and JU X chromosomes 
carried on a JUgenetic backound 
Table 2 
The influence of the X chromosomes of the inbred strains upon 
the expression of Ta in the female. 
Pooled results of T(lX)Ct males of a JU xic 
backound 
Tab 
Vibrissa scores of Ta male progeny of the Ta test-crosses. 
Pooled results of T(lX)Ct males of a JU x A gnetic 
backound 
Table k 





X Chromosome 	Animal 	No, 	 Score 	 Mean Score 	 Significance 
JU 	 1 	33 	)f(,30 + 2,54 
1f319 1.89 
	
2 	39 	45.64+2.70 
A 	 1 	 49 49.59 + 2,56 
	 153 = 2.90; PZ•o01 
50.96 1.88 
2 	34 	52.94 + 2.70 
JU 	 1 	25 	43.80 + 2.79 
43. 	1.94 
2 	20 	42.00 + 2,70 	
89 = 1.07; P,05. 
C57 	 1 	19 	3684 + 3.36 	
39.78 + 2.28 
2 	27 41.85 ± 3.08 
JU 	 1 	 29 	39.k8 2.37 	
39.14 + 1.75 
2 	 35 	38.86 + 2.54 	 130 = 4.12; P--:::::.001 
101 	 :. 1 	 31 	52.10 + 2.44 
49.33 1 1.75 
2 	37 	47.03 ± 2.45 
continued over page. 
Table 1 continued 
JU 	 1 	16 43.13 1 3.53 
44.11 - 2o69 , 	t 106 = 2,09; .05 
2 	29 44.66 13-73 t t 61 = 4.04; P,0O1 
CBA 	 1 	 31 43.39 + 3.02 	
j X t 74 = 0.18; PO05 
32 58.73 
51.19 + 2.12 
+ 233 if + t 75 = 3.91; P<.001 
JU 	 1 	U 	 + 4.68 
43,08 + 2.96 
2 	13 	43.00 + 3.96 	
60 = +.24; P<C0]. 
C3H 	 1 	20 	56.00 + 2.10 	
+ 1.51 
2 	 16 	56.25 ± 2.21 	
56.11 
HX (XT,Xce C) 69 52.50 1.96 
LX (XT Xce) 
= 3.86; 	P 	001 
 
. 
60 S 41.92 + 1.91
lix (JTJ X, Xce1 ) 15 43.72 + 1.96 t87=o.59i 	p>.05 
LX (JU X 9 Xce1 ) 43 41,82 + 2.43 
Table 2 
progeny 
X Chromosome 	Animal 	No. 	Vibrissa. 	Uean Vibrissa., 	Significance 
Scores Score 
JU 	 J. 1 	37 	15.89 ± 0.16 
15692 + 0.14 
	
2 	48 	15.94±0.22 
142 =' 2-85 -9 P<.01 
A 	 1 	28 	15.14 ± 0.37 
15.20  + 0.22 
2 	31 	15.23 + 0.24 
JU 	 1 	36 	15.83 ± 0.32 	
15.98 + 0.21 
2 	31 	16.16 ± 0.27 	 t]09 0.36; P>.05 
C57 	 1 	28 	15.96 + 0.19 	
16,09 0.18 
2 	16 	16.31 + 0.38 
JU 	 1 	18 	16.56 + 0.27 	
15.91 + 0.20 
2 	28 	15.50 + 0.25 	
t 90 = 1.68; P>005 
101 	 1 	23 	15.52+0,33 	
15.28+0.32 
2 	23 	15.04 1 0 .54 
- continued over page 
Table 2 continued 
JU 	 1 	22 	16.41 + 0.24 	
1638 + 0.16 
2 	25 	16.36 + 0.23 	
67 = 4,48 P< .001 
CBA 	 1 a 
2 22 1J+.95 + 0.31 
JU 	 1 27 16,59 1 0.26 
16.k9 ~ 0.17 
2 24 16.37 + 0,20 
= 3.96 	P<.0O1109 
C3H 	 1 31 15.13 0.37 
15.25 + 0.25 




C).) 	3-P 	29 	 11f.83±0038 
75 = 2.69; P< ,01 
LX (XT, xi)* 	3d 	48 	 15.900.20 
Table,j 
Ta male proony 
X Chromosome 	Animal IlTo. .ibrioaa £loan Vibriose 	Significance 
Strain Scores Score 
JU 	 1 33 7.06 + 0.21 
7.12 ± 0.15 
2 62 7.16+0.19 
162 = 0.99; P> .05 
A 	 1 36 7.39+0.2k 
7,34 + 0,16 
2 31 7.29 + 0.22 
JU 	 1 	 34 	7.09 + 0.26 	
7.25 + 0,22 
2 	27 	7, + 0,37 	
= 0.22; F> .05 
C57 	 1 	29 	7.34 + 0,37 	
7,32 + 0.25 
2 	 18 	7,28 + 0.27 
JU 	 1 	26 	7.85 t 0.28 	
7.66 + 0,20 
2 	 24 	7,46 + 0.30 	
= 0,09; P>,05 
101 	 1 	19 	7.89 1 0.35 	
7,64 + 0.20 
2 	 33 	7,49 + 0.24 
- continued over page 
cotiuup 







2 	13 	6. fl . CG36 
- 	 - . -- - 	 - 	- 	
21 	7.81 0 39 
7.33 0.25 
2 	25 	6o96 0,30
t 95 = C.21; > O5 
C311 	 1 	29 	7.75 Oo2l 
7941 (O19 
2 	22 	7Q50 t 033 
1V (X Z00C) E 	 50 	 6095 	22 
103 = 233; i , > 05 
LX (X, Xc) ) 	 3 did' 	57 	 761 	18 
Table L 
Line 	Generation 	X 
T  Xce 	X 
N
No0 	Nean level of cvariegation 	Significance 
HX 	 8 	 Xce 	 JU 	35 	 59,29 + 1042 
lix 	 9 	 Xce 
C 	JU 	76 	 56. 84 + 1.07 
IIX 	 10 	 Xce 	 JU 	31 	 57074 1.85 
67 = 2q56; P<- .02 
HX 	 10 	 Xce
, 	 A 	38 	 51-45 1 1 . 63 
LX 	 Xce 	J1J 	39 	 5064 + 140 
LX 	 IG 	 Xce 	A 	31+ 	 4529 + 1.80 
	 71 = 237; P<Z005 
LX 	 9 	 Xce
i JIJ 	76 	 4882 + 1.18 
LX 	 8 	 Xce' 	JU 	83 	 1+8,80 + 0.96 
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SHORT NOTES 
XXY MICE 
By BRUCE M. CATTANACH 
Medical Research Council induced Mutagenesis Group, 
Institute of Animal Genetics, Edinburgh, 9 
(Received 29 November 1960) 
Weishons & Russell (1959) have presented data to show that the XO chromosomal 
constitution in the mouse is female. This conclusion was based on results of genetical 
tests with sex-linked markers and on chromosome counts. All XO females were matro-
clinous, that is, they had inherited their X-chromosome from their mother. Females of 
this type will arise when non-disjunction occurs in the meiotic divisions of the father 
and results in spermatozoa without a sex-chromosome. Alternatively, the paternal sex-
chromosome may be lost from the fertilized ovum if non-disj unction of sister-chromatids 
occurs during the first cleavage division. This latter explanation has been urged by 
Ohno, Kaplan & Kinosita (1959), who found no evidence for non-disjunction of the X-
and Y-chromosome in an extensive cytological examination of the mouse testis. 
While the occurrence of matroclinous XO females does not provide definitive proof 
for non-disjunction in the male, such proof can be furnished by the occurrence of XXY 
animals with one paternal X-chromosome, for these must have arisen through fertiliza-
tion with XY-spermatozoa. Welshons & Russell (1959) failed to obtain this type of 
animal, but postulated that it would be male or intersex if it occurs at all. This is in 
keeping with the situation in man, where males exhibiting Klinefelter's syndrome have 
been shown to possess two X's and a Y (Jacobs & Strong, 1959; Ford et al., 1959). 
A presumptive case of an XXY male mouse was found by McLaren (1960) in crosses 
with marked X-chromosomes. Unfortunately this animal died at an early age before it 
could be tested for fertility or examined cytologically. The present note is a report on 
two sterile males which on genetical and cytological grounds were shown to be XXY. 
As a marker of the X-chromosome a rearrangement causing a variegated-type 
position effect was employed, the origin and inheritance of which will be described 
in a separate paper. The males which sired these exceptional animals carried a piece of 
autosome (linkage group I), with the wild-type alleles of pink-eye and chinchilla, 
attached to. or inserted into, their X-chromosome. In addition they either possessed 
two complete autosomes, bearing the recessive genes pink-eye and chinchilla, or albino, 
or only one complete and one deficient for the piece transposed to the X. In females of 
the equivalent constitution, the heterozygous transposition causes a variegation for 
the recessive genes; the transposition and the phenotype it produces have been denoted 
flecked. Males with the transposition do not show the variegation and are wild type. 
When such flecked-bearing males are crossed with pink-eye, chinchilla, or albino females 
all the daughters are flecked, while the sons that do not receive the father's X are of the 
recessive type. 
Among 810 offspring of such crosses there appeared two phenotypically flecked males, 
both of which were sterile. Since very large numbers of flecked-bearing males had been 
shown not to show the variegation, the exceptional animals were presumed to be XXY 
in sex-chromosome constitution, having received from their father both the Y and the 
X bearing the flecked transposition. They copulated readily with females, but produced 
no offspring. Cytological studies of the extremely small testes showed the presence of 
tubules but no spermatogenic cells. Chromosome counts in cells of the corneal epithelium 
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by the method of Fechheimer (1960) and of the spleen by a modification of the method 
of Ford & Hamerton (1956) showed that both males had 41 chromosomes. 
In the same crosses, there appeared five non-flecked females, i.e. recessive type, which 
were presumed to lack the paternal X-chromosome. Two of them have been examined 
for chromosome number so far; both had only 39 chromosomes. It is reasonable to 
assume that some, or all, of these females arose from eggs fertilized by 0-bearing sperm 
in crosses in which the complementary type XY-bearing sperm has been shown to occur. 
The X0-constitution of some of these females has been confirmed in crosses with males 
bearing the sex-linked gene, Tabby (Ta), when hemizygous Ta daughters were produced. 
A point of interest is that the variegated-type position effect is expressed in XX and 
XXY animals but not in XY ones. This indicates that its expression does not depend 
on sex or the absence of the Y, but requires the presence of two X-chromosomes. This 
complements the finding of Russell & Bangham (1960) that X0 females do not show 
position-effect variegation. 
Two more presumptive X0 females arose in crosses designed to test for linkage 
between Ta and the flecked-transposition. Both were matroclinous in regard to 'their 
X-chromosome and may have arisen by non-disjunction in the father. A third X0 was 
patroclinous, for it was phenotypically hemizygous Ta and arose in a cross of a Ta male 
with a wild-type female. Genetical tests indicated that it possessed only one X-
chromosome. McLaren (1960) has described a similar case, but Welshons & Russell 
(1959) found none in 275 females which might have included it. In the last two cases it is 
possible that the mothers of the X0 females were themselves X0 types, so that the 
exceptional ' daughters were produced by normal segregation. This could also explain 
the appearance of a homozygous-type Tabby female observed by Falconer (1953) in a 
similar cross. In the present case the exceptional female was one of eighteen daughters. 
This suggests that the mother was not an X0 type, for a 1: 1 ratio of exceptional to 
normal daughters would be expected from normal segregation. However, as the X0 
class appears to be relatively inviable (Weishons & Russell, 1959), there is still a pos-
sibility that the mother was an X0 type. So far, therefore, there is no clear genetical 
evidence for non-disjunction in the female mouse. 
The overall frequency of non-disjunction in flecked-bearing males was almost 1%, and 
the few data from the Ta crosses suggested a similar frequency of non-disjunction. If the 
X0 females are taken as evidence of non-disjunction in the male, it would appear that 
this occurrence is no less frequent in normal males than in flecked-bearing males. 
A striking feature of the combined data for all males is that, of the nine exceptional 
offspring (omitting the possible patroclinous female), all but one arose in first or second 
litters, when the males siring them were less than 4J months old. The other was found 
in a litter that had been sired by a 23-week-old male. In addition, the frequency of 
exceptional offspring decreased from litters sired between weeks 6 and 12 to litters sired 
between weeks 12 and 18. As yet the numbers are too small to make these observations 
more than suggestive. It would be of interest if the age of the male were found to 
inflUence the frequency of non-disjunction, and this is now being investigated. 
My grateful thanks are due to Dr C. Auerbach for her advice and encouragement, and 
to Prof. C. H. Waddington for laboratory facilities. 
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Autosomal Trisomy in the Mouse 
B. M. CATTANACH" 2 
Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 
Abstract. Meiotic and mitotic chromosome counts conclusively established that 
an adult male mouse possessed 41 chromosomes. Karyotype analyses indicated that 
the extra chromosome was homologous to one of the smallest autosomes - proba-
bly chromosome number 16. 
The animal was phenotypically normal and was only detected by the fact that it 
was completely sterile. Spermatogenesis was normal until after meiotic metaphase 
I. Subsequently, few, if any, meiotic products could be identified. 
The trisomy was probably the result of triethylenemelamirie-induced non-
disjunction in a meiotic division of the father. 
Introduction 
Several cases of autosomal trisomy have been reported in man with at 
least three, and possibly four, different chromosomes being involved 
(see review by FRACCARO, 1962). Each of these has been associated 
with a characteristic syndrome, and, except in the case of Down's 
syndrome (Mongolism), the extent of the abnormalities has been 
severe enough to cause the death of the affected individuals at a very 
early age. Up until the finding described in the present communi-
cation, man was the only mammalian species in which trisomy for an 
autosome had been reported. 
It may seem strange that even in the most thoroughly genetically 
tested animal, the mouse, autosomal trisomy has not been found. 
However, the possible genetical tests (RUSSELL, 1962) have not yet 
been employed, neither have the systems that have effectively screened 
U.S. Public Health Service Postdoctoral Research Fellow. 
2 Permanent address: Institute of Animal Genetics, University of Edinburgh, 
Edinburgh 9, Scotland. 
Operated by Union Carbide Corporation for the United States Atomic Energy 
Commission. 
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for trisomy and other chromosome anomalies in man, for they would 
probably be ineffective in the mouse. Animals possessing the extensive 
multiple malformations observed in human trisomy syndromes would 
be unlikely to survive long enough to be detectable. 
The present communication reports the discovery of an adult male 
mouse possessing 41 chromosomes, the extra element being neither 
an X nor a Y. 
Origin of the Aberrant Animal 
The animal, a male, was found in the F 1 of a mutation experiment in which wild 
type hybrid (ioi x C3H) males were treated with triethylenemelamine (TEM) and 
then mated to females homozygous for seven recessive genes. The dose of TEI\'I 
administered was 1.0 mg TEM/kg body weight. 
The F 1 animals were scored for two classes of mutations: (a) recessive visible 
mutations at the seven specific loci; and (b) chromosome translocations. Only 
animals representing treated spermatocytes were tested for translocations, i.e., 
those that were conceived between 22 and 42 days after treatment of the fathers 
(see OAKBERG's [1956] timing of spermatogenesis in the mouse). The aberrant 
animal was picked up in the translocation tests. 
The method of testing for translocations in the mouse involves a two-step 
process. F, Sons are first subjected to breeding tests to screen for translocation 
semisterility or sterility. The suspected translocation heterozygotes are then 
examined cytologically for conclusive evidence of a translocation (CATTANACH, 
'959). 
Description 
The trisomic animal was picked up only because it was completely 
sterile. It was otherwise phenotypically normal—as judged by the 
routine scoring of F, offspring for obvious morphological abnormal-
ities. Further, viability must have been good as the animal was in good 
health when sacrificed at the age of 8 months. The testes were normal 
in size, and the tubules were distended as are those of a normal fertile 
mouse. No gross morphological cause for the sterility was detected. 
The animal was conceived 27 days after treatment of the father—at a 
time when the spermatozoa present in the ejaculate should have been 
derived from germ cells that were spermatocytes at the time of treat-
ment. 
Methods 
Squash preparations of the testes were made by the method of WELSHONS et al. 
(1962). These were used for studying meiotic and spermatogonial mitotic cells. 
Tissue cultures of kidney and spleen were set up using the method of CHU (un-
published). Chromosome counts were made on these to confirm that the spermato-
gonial counts were representative of the whole animal. 
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h. F. Nlejotie metaphase 1 plate. An arrow indicates the univalent. The XY 
hivalcnt is also marked. 
Results 
iieiosi.c. Spermatogonia, spermatocvtes and meiotic division I cells 
were present in abundance. Beyond this stage few spermatogenic cells 
were recognized. Cells in meiotic division II were not observed, but a 
few spermatids were probably present. Spermatozoa, likewise, were 
all but absent, and most were so abnormal in shape that they could 
barely be recognized. 
Meiotic metaphase I cells were present, and clear counts of chromo-
somes could be made. Over 50 cells were examined. In all but five, 21 
rather than zo elements were counted. More critical examination 
suggested that 19 of the elements were autosomal bivalents, the 
twentieth was a normal XY bivalent and the extra element was a 
univalent (see Fig. i). If true, this would imply that the animal 
possessed one extra chromosome. The regular count of 21 means that 
trivalent formation either does not occur or is rare. This suggests that 
the extra chromosome is probably in the small size range where the 
chiasma frequency might be low enough to make associations of three 
unlikely. 
ill/os/s. Analysis of spermatogonial metaphases confirmed the con-
clusions derived from the study of meiotic metaphases. Forty-one 
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chromosomes were counted in all 18 cells examined, and the extra 
chromosome has been identified as being homologous to one of the 
shortest autosomes- probably chromosome number 16 (Figs. a and 
b). Perhaps because the spleen and kidney tissues were not removed 
until several hours postmortem, the cultures grew poorly. The final 
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preparations were not of high quality, but in io countable cells the 
presence of 41 chromosomes was satisfactorily confirmed. 
Discussion 
The evidence for an extra chromosome is clear. An extra element was 
detected in meiotic metaphase 1, and chromosome counts on sper-
matogonial, spleen, and kidney cells all confirmed the presence of 41 
chromosomes. 
Analysis of the karvotvpe conclusively indicated that the 41st chro-
mosome was an autosome. The odd element closely matched the 
fourth smallest autosome pair and did not fall into the size range of 
either the X or the Y. The X may further he ruled out by the fact that 
the animal possessed spermatogenic cells, for these have not been 
found in an XXY individual studied, whether in man or the mouse 
(1-coBs and STRONG, 1959; C\rrNAcu, 1961 ; RISSELL and Cut, 
1961). in addition, the normal appearance of the XY bivalent indi-
cated that the extra chromosome did not pair with the X or Y, or 
form trivalents. These considerations lead to the conclusion that the 
41 chromosome mouse was trisomic for a small autosorne, but it 
should be noted that partial trisomy cannot be excluded. The similarity 
in the morphology of mouse chromosomes makes it possible that the 
extra element could have been an altered chromosome. 
There are a variety of ways by which the trisomy could have oc-
curred. However, since the animal arose following treatment with a 
mutagen of the prerneiotic term cells of the father, it seems most 
probable that TENI-induced nondisjunction was the cause. Extensive 
genetical data on the parents make it unlikely that a preexisting chro-
mosome rearrangement was involved. 
The trisomic animal was completely sterile, the direct cause being 
the virtual absence of spermatozoa. Spermatogenesis appeared to 
break down at some point after the first meiotic division, for few 
normal cells were observed after this time. It may seem surprising that 
the presence of a single extra chromosome should bring about this 
effect, especially since spermatogenesis and spermiogenesis are normal 
in male mongoloids (trisomv a 1) (VALENCIA, personal communication). 
Trisomy as a causal factor of meiotic breakdown must seem even more 
strange if the triscmic condition arose by the mechanism postulated, 
i.e., by nondisjunction in male meiosis. Here, the cell carrying the 
extra chromosome must have completed meiosis and differentiated 
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into a functional spermatozoon. It may be that the action of the 
genome on a cell entering meiosis is not autonomous. Certainly there 
is evidence that gross chromosome damage induced in cells about to 
enter meiosis need not inhibit them from completing the meiotic 
divisions (OAKBERG and DIMINN0, 1960). On the other hand, events 
induced in the germ cells of one generation may cause a block in 
meiosis in the next, e.g., F 1 sterility in mice is common following 
mutagenic treatment of spermatozoa (CATTANACH, 1959). A condition 
is induced such that the F 1 germ cells, by some apparently non-
chromosomal mechanism, are unable to complete meiosis or differ-
entiate to form functional spermatozoa. This situation closely parallels 
the present case. 
A final point worthy of note is that the autosomal trisomy was not 
associated with any obvious morphological abnormalities. This is in 
sharp contrast to those cases reported in man. The discrepancy is 
probably more apparent than real however, for the search for chromo-
some anomalies in man has primarily been carried out on patients 
suffering from extensive malformations. Human cases of trisomy with 
near-normal phenotypes may yet be found. An additional factor may 
be that the consequences of a chromosome anomaly may be less 
disturbing or less detectable in the mouse than in man. Thus, in con-
trast to the equivalent cases in man, mice with the XO and XXY sex 
chromosome constitutions do not appear to possess any phenotypic 
abnormalities (WELSHONS and RUSSELL, 1959; CATTANACH, 1961; 
RUSSELL and CHU, 1961). 
The discovery that autosomal trisomy can be compatible not only 
with viability, but also with a near-normal phenotype should en-
courage the search for other such cases both in man and in the 
mouse. It has been suggested that there may be a correlation between 
the size of the duplicated chromosome and the severity of the associ-
ated syndrome (see review by FRACCARO, 1962). If this were to hold 
tlue in the mouse where the one case of trisomy is phenotypically 
normal, it is possible that trisomies for several of the other small auto-
somes may allow viable and near-normal phenotypes also. It may be 
that sterility could be used as a screening method if it is frequently 
associated with changes in the chromosome complement. 
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Introduction 
In the course of a mutation experiment in which F 1 sons of male mice treated 
with a chemical mutagen (triethylenemelamine) were being tested for trans-
location semi-sterility (CATTANACH 1959), a number of identical mutant animals 
were found among the progeny of one particular F 1 male. In all, 17% of the pro-
geny of this male showed the variant phenotype which was quite constant and 
clearly distinguishable. Breeding tests showed that the character was inherited 
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Fig. 1. The inheritance of Snalcer: Se denotes Snaker, 2,' denotes phenotypically normal 
the discovery that a proportion of the normal sibs bred like the father and pro-
duced the aberrant animals with a fairly constant frequency. This ability of 
normal sibs to produce "dominant" mutants was maintained over several gene-
rations (see Fig. 1). 
Most interestingly the pattern of inheritance conformed closely with that 
of several chemically-induced mosaics in Drosophila (AUERBACH 1946, MATHEW 
1964). Here it was found that mosaic lethals and mosaic visibles produced three 
types of offspring (normal, mosaic, and complete mutants) over two tested gene-
rations. The cause was thought to be the transmission of a gene in a mutagen-
induced unstable form. It seemed unlikely that this situation could exist in the 
present case, however, for the exceptional inheritance was maintained over many 
generations. Two other mechanisms may be postulated: It could be that the 
gm 
	
130t c \1. (.err%\ w II: 
character is simply a dominant wit ii low penet.rance Alternatively the inheritance 
may involve two factors, one of which gives rise to the mutant phenotype while 
the other sUppresses it. [his system could operate either at the genie or chronio-
soliltil level. 
hvi(IeiIee from a variety of genetic tests will be 1ireseiited which demonstrates 
that tin two-factor model is the correct one. It will be argued that this operates 
at the (101 1111) santi I level. 
Description of iiiutant 
at 1)11th by their small size. domnedhicads. 
lhvitie omewhat inviable. only (it) ° 
surviving to the weaning age of 
1 lee weeks. The adult mutant 
H about two-thirds normal size 
(1 maintains the short face and 
I lined head seen at birth. The 
most, ObVi(.)lis characteristic of 
t1w niutauit, however. is its 
0) a ving and waltzing behaviour. 
tli is reason the mutant 
I lheiiOt.Vpi' was denoted. 1Sna/tr 
.'i, ). Unlike most waltzing mice 
art  not (leaf. 
1r1e(Iilig tests 
1 I . ml kers have a reduced ce
via bilitv. litters were classified 
\V it hin a few hours of birth. ani.i 
;dl the data to be presented axe. 
I tased on classifications made at 
this time. I.Tn less otherwise stated. 
all the moat ings were outcrosses 
to unrelated am mna Is. 
let us consider the inheritance of ,Snu/'er through Sna/er animals. 
shows the results of reciprocal crosses of mutant wit 	ormal mice. 
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NIl. 	N. 	.lII)/.l 	 lit ILlS/I 
N ,rtul I 
Normal 	31 	1601 	254 	311.04 	5.10 
Normal . 	. 	iuxLer 31 228 356 1 3.O4 5.67 
The difference hiet.weeui the freqi.mcitev of 1'.nakprs recovered from the two crosses 
was not significant. ((X - 1.4015). il)l was the distribution of the mutants be- t 
tweell the sexes in the offspring (X 2 =().O-JG.5). (learly the character is inherited 
as an aut.osomal dominant, for a large proportion of tile progeny of both crosses 
Fltt 	\ - ;) I ia it 	lit III) 
till 	hi 	Ii . 	111 )111 	ti 	II 
First 
Table 1 
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By 
RarcE M. ('rTANcj{ 
With 4 Figures in the Text 
(Receieel Jh/y 14. 196.5) 
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1 H the course of a mutation experinieiit hi which F 1 sons of male mice treat c I 
H I Ii it chemical mutagen (trietlivlcimemelaniine) were being tested for tiamis-  
location semi-sterilit (('A'I'TANACH 1950). a number of ulemitical mutant animals 
were found among the progc-nv of one particular F1 male in all, 17 of the pro-
genv of this We sliow d the variant phenotype winch was (jmntc constant a nd 
clearly distinguishable. Breeding tests showed that the character was inherited 
as a (bonhinant, hut, there was a shortage of the mutant class. Moie surprising was 
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Fig. 1. The i nhitri tanee of ,aq1,'r ,' denotes Soaker, X dmo,om phenol ypieally ri 
the discovery that a proportion of the normal Abs bred like the father and pro- 
duced the aberrant animals with a fairly constant frequency. This ability of 
normal sibs to 	 m produce "doinant mutants was maintained over several gene- 
rations (see Fig. 1). 
Most interestingly the pattern of inheritance conformed closely with that 
of several ehenhieallv-indllce(I mosaic's in Drosophila (AUERBACH 1946 M.TurEv 
1964). here it was found that mosaic lethals and mosaic' visibles produced three 
types of offspring (normal, mosaic, and complete mutants) over two t ested gene-
rations. The cause was thought to be tire transmission of a gene in a mutagen-
induced unstable form. It seemed unlikely that this situation (10111(1 exist in tire 
l)li'sent case, however, for the exceptional inheritance was maintained Over many,  
generations. Two other mechanisms may be postulated It could be that the 
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are Snaker. The frequency of mutant offspring, however, fell short of the 50% 
level expected for the segregation of a dominant factor. This could be accounted 
for either by pre- or early post-natal death of some of the Snaker class, or by 
incomplete penetrance of the gene in the heterozygous condition. 
The concept of the low penetrance was therefore investigated. This was done 
by testing the normal male progeny of Snakers for the ability to produce Snakers. 
Each male was usually test-mated with two females. If mutants did not appear 
among at least 20 offspring then the tested animal was taken to be normal. 
Of 50 mice so screened not one produced Snaker progeny. The possibility of an 
overlap of the heterozygous Snaker with the normal genotype must therefore 
be considered most unlikely; low penetrance cannot be the cause of the defi-
ciency of Snaker offspring in Snaker crosses. More important, the finding that 
other phenotypically normal animals (such as the F 1 male) may produce Sna/cers 
cannot be explained by incomplete penetrance. 
Now let us examine the inheritance of Snaker through the phenotypically 
normal animals - these we shall call Snaker-producers. The breeding performance of 
the F1 male and the Snaker- 
producers of subsequent 	Table 2. The outcross of Snaker-producer animals 
generations is shown in 
Table 2. Both sexes of 
Snaker-producers are repre-
sented in the F 3 and F5 , 
but only males were used 
in the' F3 and F4. There 
was no sex difference in 
the transmission of Snaker 
(not snown). it can cc seen 
that Snaker was inherited through Snaker-producers over all five generations 
so far examined, and the frequency with which it appeared in each generation 
was approximately the same. This destroys the parallelism with the Drosophila 
experiments in which the frequency of mosaics sharply declined from one 
generation to the next (AUERBACn 1946, MATITEW 1964). It is therefore unlikely 
that a chemically-induced unstable gene is involved. Table 2 also provides further 
evidence against the low penetrance theory; the frequency of Snakers produced 
by Snaker-producers was consistently about half that produced by Sna/cers 
(Table 1). The magnitude and constancy of this difference cannot be accounted 
for by differing genetic backgrounds. 
An analysis of all the phenotypically normal animals is shown in Table 3. 
The distinction between Snaker-producers and non-Snaker-producers was made 
using the same criterion as described before - an animal was taken to be inca-
pable of producing the mutant if it produced at least 20 offspring all of which 
were normal. Again, males were usually tested with more than one female. 
The most significant point illustrated in Table 3 is that in each generation 
30--40% of the phenotypically normal animals are Snaker-producers. This 
further negates the delayed mutation hypothesis but, more importantly, it sug-
gests a 1:2 ratio of Snaker-producers to non.-Snaker-producers. This is consistent 







litter size No. No. 
Snaker Normal 
F1 1 136 649 17.33 7.20 
F2 36 319 1180 21.28 7.97 
F3 17 131 581 18.39 7.49 
F4 27 243 1395 14.84 7.69 
F5 43 298 1161 20.43 7.22 
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Table 3. The analysis of phenotypically normal offspring of Snaker-producers 
Mean Mean 
No. No . litter size No. litter size % 
Generation tested Snaker- of Snaker- 
non-Snaker- of non- Snaker - 
producers producers producers Snaker- producers 
producers 
F2 90 36 7.86 54 8.42 40.00 
F3 58 17 8.53 41 9.73 29.31 
F4 64 27 7.89 37 9.33 42.19 
Mean 1 37.74 
factor (Ns) produces a viable and normal phenotype. The segregation of the 
two factors would then be as shown in Fig. 3. 
(Snokr -produce r) 	 Normal 
SN.NS 	 X 
s1L+ 	SNNS 	 +.IJs 
(Srokar) 	(Snakar_producer) 	 Normal 
Fig. 3. The segregation of the two factors. Sir and Nu 
At this point the data have eliminated the incomplete penetrance and delayed 
mutation hypotheses for the transmission of Snaker, but they strongly support 
a two-factor system. An experiment was therefore designed to demonstrate the 
presence of the second factor (Ns). The scheme is depicted in Fig. 4. Three 
stages are involved: 
SN.NS 
stage (a) 	SN-i- 	 SN.Ns 	 +.Ns 
Stage (b)  
SN.+ 	SN.N5 	+.Ns 	+.+ SN.+ 	 .4-4 
Stage (c) 
~+s SN.+ SN.Ns N i-.+ i-Ns -i-.+ +.+ 	 +.+ 
'_-y---_ '-.---' 
Phenotype Snoker 	 Normal 	 Normal 	Normal 	 Normal 
Fig. 4. The sequence of crosses to demonstrate the existence of N8. The appearance of Snaker (circled) in a stage 
(c) cross indicates that the tested grandparent carried the Ns factor 
a) Progeny of Snaker-producers (Sn.Ns) are separated into the three distinguishable 
classes, Snakers (Sn +) on the basis of phenotype, and Snaker-producers (Sn Ns) 
and both classes of non-Snaker-producers (Ns + and  + +) on the basis of 
breeding tests. In this experiment in order to ensure the thoroughness of the 
testing the criterion for the classification of non-Snaker-producer was raised to 
O offspring scored and non-mutant. 
b) Non-Snaker-producers, which should be of two types (Ns. + and + 
were then mated to Snakers (Sn. 
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c) The phenotypically normal offspring of the stage (b) cross were outcrossed 
and tested for their ability to produce Snakers, i.e. they were tested for the pos-
session of both factors (Sn and Ns). These could only be produced in stage (b) 
crosses to Snaker if the tested parent carried the second factor (Ns). 
The result of this experiment are presented in Table 4. 22 nom-Snaker-
producing animals were tested. Of these, it was deduced that 9 carried the Ns factor 
and 13 did not. The presence of two factors, Sn and Ns, is therefore established 
and it must be concluded that when they are both present in the one animal 
the phenotype is normal rather than Snaker. Ns on its own can show no distin-
guishable phenotype. That almost 
	
half of the admittedly small number 	Table 4. The analysis of the progeny of 
of non-Snalcer-producers tested car- Sn +X + . Ns and Sn + x +-+ crosses, 
ned the Ns factor suggests that 	
Stage (c) 
 
Crosses giving 	 Crosses not giving they are equally as viable as their 
Sr8 
genotypically normal sibs. Data on 
Offspring 	 Offspring 
the breeding performance of the 	Test 	 Test 
two classes mated to unrelated CrOSS 
producers Normal cross producers Normal 
females indicated that the Ns ani- _____  
mals also reproduce equally well. 	289 	4 	9 	292 	 12 
The next question that may be 296 2 3 293 - 	19 
raised concerns the nature of the 	299 	4 	11 	300 	- 17 
two factors. There are two possi- 301 5 10 307 - 	16 
bifities: It could be that the two 	 I 14 
factors are unlinked genes, one of 318 	3 	3 	313 	- 	16 
which (Ns) in epistatic over the 	334 3 2 314 - 15 
other (Sn) which on its own pro- 338 	7 	4 	319 	- 	15 
duces the Snaker phenotype. Alter- 
natively, the system could operate 	 333 	 9 
at the chromosomal level. A trans- 335 - 	15 
location might be the cause if the 	 - 187 
two duplication/deficiency products 
are viable and one of them gives rise to the Snaker phenotype. The two re-
arranged chromosomes would then operate as the two factors, and the form of 
inheritance would be identical with that on a two-gene system. Whether a genie 
or chromosomal model operates can only effectively be established by cytological 
analysis. A search for cytological evidence of a translocation was therefore 
carried out. 
Squash preparations of the testes and bone marrow of Snaker and Snaker-
producer males were made by the methods of Welshons (WELSHONS et al. 1962, 
WELSITONS and RUSSELL 1959). Clear evidence of a rearrangement was not 
obtained in either type of animal. Chromosomal associations that might be inter-
preted as quadrivalents were observed in meiotic metaphase I divisions of both 
Snakers and Snalcer-producers, but the frequency was so low (about 3 % and 1 % 
respectively) as to be perhaps confused with that of spontaneously occurring 
aberrations. If the quadnivalents were the consequence of a chromosomal ex-
change then the form of the associations suggested that the translocation is in-
sertional in nature. Similar findings and conclusions have been made by OnNo 
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(personal communication). Altered chromosomes could not be detected in mitotic 
cells, but this is hardly surprising since the mitotic chromosomes of the mouse are 
so morphologically alike as to allow the distinction of only very gross or asym-
metrical exchanges. The conclusion from the cytological data must be that if a 
translocation does exist then the rearranged pieces are very small. 
Genetic evidence of a translocation could conceivably be obtained if crossing 
over between closely associated genes was reduced. In order to test this possibility 
and also locate the chromosomes involved, linkage tests with chromosome mar-
kers are being carried out. To date Sn has been tested against Viable dominant 
spotting (W'), Rex (Re), Tailless (T), White (Wh) and Oligosyndactyl (Os), repre-
senting linkage groups III, VII, IX, XI, and XVIII, respectively. Ns has been 
tested against W', Re and Os. Linkage has not been found between either factor 
and any of the genes. Tests with other linkage groups are proceeding. 
Information on two further points may now be presented: The first point 
concerns the origin of the factors. Were they induced by the chemical mutagen 
or did they exist in the stock prior to the treatment? For Sn the answer is appa-
rent since it is a dominant with full penetrance. The character was never found 
among the progeny of any animals other than descendents of the F 1 male. The 
mutation must therefore have arisen in a grand parental gamete, and since the 
paternal grandfather's gametes had suffered treatment with the chemical mutagen, 
it is most likely that Sn was induced in one of them by the chemical. The Ns 
factor, since it does not exhibit a phenotype of its own, could have already existed 
in the stock. To test this possibility Snakers were crossed with a large number 
of relatives of the F1 male. None of the crosses showed a deficiency of Snaker, 
this being the criterion by which the presence of the Ns in distinguished. It is 
therefore most likely that Ns too is a mutation that arose following treatment of 
the paternal grandfather. 
The second point pertains to the frequency of Snakers produced in the two types 
of matings. On the basis of a two-factor system for the transmission of the mutant 
it would be expected that 25% of the offspring of Snaker-producers and 50% of the 
offspring of Snakers would be mutant. The data. in Table 1 and 2 show that there 
is a deficiency. Snaker-producers gave 14-22% Snakers, Snakers gave 33-42%. 
These are the frequencies of mutants classified within a few hours of birth. Since 
the character has been shown to be fully penetrant it would seem most likely 
that the loss is due to low viability. Some Snakers may die and be lost before 
classification and this might happen before or after birth. Supporting this con-
tention is the fact that the viability of Snakers is lower than that of their sibs 
after the time of classification at birth. Only 50-60% survive to three weeks 
of age. 
In order to test for prenatal loss, six Snaker males and six Snaker-producer ma-
les were mated to a series of unrelated females which were later sacrified and their 
embryos examined. Most females were killed 18 days after mating when the 
number of living embryos (Snaker and normal), deciduomata (representing dead 
embryos) and corpora lutea (estimating the number of eggs shed) were counted. 
A few females that had been mated with Snaker males were killed 12 hours after 
mating and their eggs were examined to see if they had been fertilised. 
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The results of the 18-day series are shown in Table 5. It is immediately 
apparent that there is no shortage of Snalcers; the observed frequencies of mutants 
(29% und 48%) are close to those expected. This suggests that the shortage 
of Snakers observed several hours after birth is due to a post-natal loss of some 
of the mutants. Consistent with this conclusion is the absence of an excess of 
dead embryos over the control in the two experimental crosses. An early post-
natal loss among Snakers can only really be deduced; direct evidence is difficult 
to obtain. However, an examination of the records revealed that the frequency 
of litters in which an early loss of offspring had occurred was at least twice as 
high in Snaker-producer crosses as in those of the normal sibs. A strictly 
comparable control for the Snaker crosses was not available. 








Mean °' pre- 
Cross fertile sterile Sucker normal dcci- N o. Snaker inipla 
mat- mat- em- ens- duo- corpora tion 
ings ings bryos bryos mata lutea loss 
Snaker dd x Normal 19 14 2.05 	1 2.16 0.32 11.16 48.75 49.43 
4.21 
Normal 3d x Normal 21 1 - 	 10.19 1.05 12.71 - 11.61 
Snaker-producer 	>< Normal 40 3 2.40 	5.83 0.73 13.11 -29.18 27.91 
8.23 
Normal dd x Normal 36 1 - 	 110.19 0.78 13.11 - 16.31 
A second point of note is that in the Snaker cross the litter size is low (4.21 cf. 
10.19) and the preimplantation loss is high (49.43% cf. 11.61 %). The same tendency 
can be seen in the Snaker-producer cross where the litter size was 8.23 (cf. 10.19) 
and the preimplantation loss was 27.91 % (cf. 16.31 %). Since there is not a short-
age of Snakers the losses 
cannot be attributed 	Table 6. The analysis of 12 hour-eggs from females mated 
specifically to Snakers; to Snaker males 
there must be a general 	 Fertilised eggs 	 Unfertilised eggs 
loss of both classes of Test animals 
offspring. Reference to 	 Number Mean No./litter Number Mean No/litter  
Tables 1 2 and 3 show 
-' 	the 	
Fertile Sn 	27 	3.0 	60 	6.7 that tue sitter-size ujile- 	Sterile Sn 6d 0 0.0 52 10.4 
rential is a constant Control d6 	91 	10.1 	8 	0.9 
feature; the litter size 
of Snakers is low, and that of Snaker-producers is always lower than their 
phenotypically normal sibs. 
The cause of the high preimplantation loss was revealed on the examination 
of females mated 12 hours previously to Snaker males (Table 6). Although 
spermatozoa were always present very few eggs were fertilised, whereas in the 
control series almost all the eggs were fertilised. Further, sterility is a common 
feature of iS'naker males and this is not due to their inability to mate. In the 
Z. Vererbungsl., 135. 96 	 20 
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present experiment there were two such males. Here it was found that eggs 
were never fertilised although spermatozoa were present in adequate numbers. 
It seems that a spermatozoal defect is associated with the Snaker phenotype and 
that the property is shared to some extent with Snaker-producers. 
Discussion 
Evidence is presented to show that the transmission of a dominant character 
through several generations of phenotypically normal animals cannot be accounted 
for either by incomplete penetrance or by the inheritance of a gene which spon-
taneously completes its transition to the mutant allele from a mutagen-induced 
unstable form. Rather the data demonstrate that two factors are involved; 
one (Sn) produces the mutant, Snaker, phenotype, the other (Ns) has no pheno-
type of its own but nullifies the action of Sn when both are present together in 
the same animal. 
Clear evidence of the nature of the two factors is lacking. They could either 
be the two rearranged parts of a chromosome translocation, or two unlinked 
genes. The latter possibility is, however, rendered most unlikely by the mode 
of origin. It has been shown that both factors were induced in a single gamete 
by treatment with a chemical mutagen. Clearly the possibility that two inde-
pendent gene mutations were induced in one gamete, and that one interacts 
with the other, is extremely remote. The translocation model is much more 
probable, especially since there was a high translocation frequency (14.8%) 
among other treated gametes (CATTANACH 1959). Cytological analysis, however, 
did not provide clear confirmation of the presence of a rearrangement. Chromo-
some associations that might have been interpreted as quadrivalents were 
detected but with a frequency low enough to permit confusion with spontaneous 
aberrations. These data do not rule out the possibility of the rearrangement of 
only small pieces of chromosomes for then the association of four chromosomes 
as quadrivalent would be expected to be infrequent. This would also be in line 
with the viability of both unbalanced types. It is concluded therefore that the 
first event was the induction of a translocation which was directly inherited by 
the F1  male and from this translocation heterozygote the rearranged chromosomes 
and their normal homologues subsequently segregated to give rise to the four 
genotypic classes of offspring. 
The translocation model stipulates the acceptance of two requirements 
viability of both "half translocations", and the characteristic phenotype of one. 
In man, several translocations have been described in which one of the two 
unbalanced gametes does not cause zygotic lethality (VIsLIE et al. 1962, BREI-
BERT et al. 1964, EDWARDS et al. 1964, UCHIDA et al. 1964) and one has been 
reported in which neither causes lethality (JACOBS et al. 1964). In the mouse 
only one rearrangement in which even one unbalanced product is viable has 
been reported (CATTANACH 1961) but this undoubtedly can be attributed to the 
semi-sterility test by which most translocations are first detected. The test screens 
for only those rearrangements whose unbalanced (duplication/deficiency) products 
are inviable. Compared with all cases in man and the mouse, the present case, 
like that of JACOBS et al. (1964), is only exceptional in that both the unbalanced 
types are viable. 
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The second requirement for the translocation model - that one of the "half-
translocations" exhibits a characteristic phenotype - is again consistant with 
most of the cases reported in man; that of JACOBS et al. was exceptional in that 
neither unbalanced genotype exhibited an abnormal phenotype. The Snaker 
phenotype is quite constant, at least at the gross and superficial level on which 
it is recognised. In man, the duplication/deficiency phenotypes of any one 
translocation also tend to be similar, and although those of different transloca-
tion have features in common, they are, in the main, distinctive (EDWARDS et 
al. 1964). The situation for the one viable "half -translocation" in the mouse 
(CATTANACH 1961) is complicated by one of the rearranged chromosomes being 
the X. Because of the X-inactivation process (LYoN 1961) only males effec-
tively carry a duplication for a piece of autosome, and perhaps ­a deficiency for a 
piece of X, in all their cells. The resultant phenotype is distinguishable by a reduc-
tion in size, but this is only apparent in early life. 
Of the five phenotypically abnormal unbalanced chromosome types reported 
in man, one was considered to be caused by the duplication (VIsLIE et al. 1962), 
while the others (BREIBART et al. 1964, EDWARDS et al. 1964, UCHIDA et al. 1964) 
may have been due to the duplications or the deficiencies. In one case in the mouse 
the phenotype is probably a consequence of the duplication, for neither genetical 
nor cytological studies have shown that the rearrangement was of a reciprocal 
type (OHNo and CATTANACH 1962). In the present case it might be expected 
that by analogy with Drosophila the distinct and constant Snaker phenotype is 
a consequence of a deficiency for a particular gene, or genes, rather than from the 
general disturbance of an unbalanced chromosome complement. The inability 
of one or several genes to operate adequately in the haploid state - to be haplo-
insufficient (MoRn 1932) - would then be the cause of the aberrant phenotype. 
However, if the observed quadrivalent associations in the meiotic divisions of 
Snaker males are due to the rearrangement, then these animals must carry a 
duplication. They might also carry a deficiency, however, if a reciprocal inser-
tional exchange were involved, but the cytological data are too weak to permit 
definite decisions on the nature of the translocation. 
While it has been stated that both unbalanced genotypes are viable, it is 
clear that the viability of one is not complete. The viability of Snakers as deter-
mined shortly after birth is 61 % in Snaker crosses and 68% in Snalcer-producer 
crosses, and only 50-60 % of the survivors reach the age of three weeks. Pre-natal 
classification suggests that the losses occur at the time of birth, and this conclu-
sion is substantiated by the high early mortality rate among litters in which Sna-
ker segregates. Of more interest was the discovery that the fertility of Snalcer 
males is reduced, the mechanism being a low fertilisation rate. A sperm abnorma-
lity may be part of the Snaker phenotppe, and this may be a characteristic that 
Snaker shares to a lesser degree with Snaker-producers. The fertility of Snaker 
females was also somewhat low, but the cause has not been investigated. 
It would be of interest to know if the unbalanced genotypes, and perhaps 
also the whole rearrangement, are viable and show abnormal phenotypes when 
in the homozygous conditions. This will not be possible in practice until Ns can 
be identified by some mechanism other than by breeding tests, e.g. with a genetic 
marker. Testing for homozygous S'naker is theoretically possible, but the low 
20* 
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fertility of Snaker males together with the poor mothering abilities of Snaker 
females, makes this type of cross technically difficult. To date only a small 
number of offspring of such a cross have been obtained and tested, and none 
have been of the homozygous type. 
Finally, it should be pointed out that if the F 1 male had not been so extensively 
investigated and-his normal progeny tested, it would have been concluded that 
Snaker was simply a gene mutation. It is therefore conceivable that some exist-
ing dominant "genes" in the mouse may instead be chromosomally unbalanced 
genotypes. 
Summary 
The exceptional inheritance of a morphological and behavioural mutant in 
the mouse is described. Breeding tests demonstrated that two factors are in-
volved, one of which causes the mutant phenotype while the other suppresses it. 
It was argued from the combined genetical and cytological data that the two 
factors are the two rearranged parts of a chromosome translocation, both un-
balanced products of which are viable and one giving rise to the mutant phenotype. 
Acknowledgements. My grateful thanks to Dr. C. AIJERBACH, F.R.S. for reading and 
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Abstract. The possibility that the distributive pairing mechanism which operates 
in Drosophila melanogaster meiosis may also operate in mammals and be a causal 
factor in the production of aneuploidy was tested in the mouse. This was done by 
determining the segregation of the single maternal X-chromosome and the T6 
translocation among the offspring of XO females heterozygous for the transloca-
lion. Although the appearance of animals partially trisomic for the chromosomal 
material of the T6 marker chromosome substantiated existing cytological evidence 
that the T6 marker chromosome is frequently present as a univalent in the meiotic 
divisions of translocation heterozygotes, no evidence for the distributive pairing 
of the univalent X with the univalent marker was obtained. The results do not, 
therefore, support the concept that distributive pairing may occur between non-
homologous chromosomes in the mouse. 
Introduction 
During the last few years, the increasing number of human kinships 
with more than one rare karyotype abnormality has led a number of 
authors to suggest that these events are not simply fortuitous (DEIc-
BAN et al., 1963; LEJEUNE, 1964; THERMAN et al., 1961), and recently 
a mechanism to account for a causal relationship between them has 
been advanced by GRELL and VALENCIA (1964). They proposed that 
the distributive pairing hypothesis of meiosis in Drosophila melanogaster 
females (GRELL, 1962) may be extrapolated to human gametogenesis. 
It is postulated that in meiosis there are two types of pairing: (i) an 
early type, exchange pairing, in which homologues pair and in which 
crossing-over may take place, and (z) a later type, distributive pairing, 
which determines segregation. In operation, chromosomes that 
undergo exchange, being physically joined by chiasmata, disjoin 
regularly and segregate from each other at anaphase. Chromosomes 
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that have not undergone exchange make up a pool, the distributive pool, 
whose members may pair homologously, non-homologously, or not 
at all, depending on the composition of the pool. When only one 
chromosome is present, it will assort randomly; when two homologues 
enter the pool, they will pair distributively and subsequently segregate 
from each other; when at least two non-homologues enter the pool, 
the possibility of non-homologous pairing followed by non-disjunction 
of homologues and the production of aneuploid types exists. 
Although the distributive pairing mechanism can adequately ac-
count for the co-occurrence of rare karyotype abnormalities in man, 
convincing evidence for its operation in any organism other than 
Drosophila is lacking; a non-random assortment of non-homologous 
chromosomes has only been recognised in Drosophila. This com-
munication reports an investigation into the possibility of distributive 
pairing between two non-homologous chromosomes in the mouse. 
Materials 
A non-competitive system, i.e., one in which two non-homologous chromosomes 
alone enter the distributive pool, is the ideal situation for observing distributive 
pairing. At present such a system can only in part be achieved in the mouse. One 
'free' chromosome is available in the form of the single X of XO females, but the 
introduction of a second aneuploid condition through the male is prohibited by 
the male sterility of the few known cases (CATTANACH, 1964; GRII'FEN and BUNKER, 
5964; LYON and MEREDITH, 1966). A second non-crossover chromosome can, 
however, be obtained in a proportion of cells if a suitable translocation is also 
present. Such a rearrangement is the T6 translocation, in which one of the re-
arranged chromosomes frequently does not undergo exchange; it has been cyto-
logically observed that in the meiotic divisions of male translocation heterozygotes 
one of the rearranged chromosomes often does not take part in quadrivalent forma-
tion but lies free as a univalent. That this chromosome may segregate randomly, 
and further that it may do so in female meiotic divisions, is substantiated by the 
observation that some of the embryos of female translocation heterozygotes 
Possess 45 chromosomes (EVANS and MEREDITH, personal communication). 
In addition to its recognised attribute of frequently forming trivalents and 
univalents in meiosis I, the T6 translocation has two other properties which make 
it extremely useful; it is viable in the homozygous condition, and the small 
rearranged chromosome is distinguishable as a cell marker in both meiotic and 
mitotic divisions. The combination of the three properties make the T6 transloca-
tion a most suitable choice for use in the present study. 
The test animal was the XO female, heterozygous for the translocation. Here, 
in those cells in which the T6 marker chromosome does not undergo exchange, 
it should pair distributively with the single X-chromosome and subsequently 
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Figure. Model for distributive pairing between the X-chromosome and the T6 
marker chromosome. To the left, the T6 marker is involved in crossing over. 
Only the single X chromosome enters the distributive pool, and the X and the 
translocation thus segregate independently of each other. To the right, the T6 
marker is not involved in crossing over. Both the marker and the X enter the 
distributive pool and, following their pairing distributively, should segregate from 
each other. 
segregate from it (see the Figure). The independent assortment of the other half of 
the translocation should not influence this process for, as in ordinary translocation 
heterozygotes, only when the two halves of the translocation segregate to the 
same pole will the gametes give rise to viable zygotes. 
The XO females and the Ta males employed in the experiment were of a 
mixed genetic background, but the T6 homozygotes were basically CBA inbreds. 
Methods 
The breeding procedure was as follows: XO females carrying the X-linked gene, 
Tabby (Ta), were mated with wild type males homozygous for the T6 translocation. 
The marker gene permitted the phenotypic distinction of the three classes of F1 
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offspring (XO, XX and XY), all of which should be heterozygous for the 
translocation. The XO progeny were collected and, at maturity, mated with Ta 
males, the marker gene again permitting the recognition of the three classes of 
offspring. All the F2 animals were kept and subsequently examined for the presence 
of the translocation. The segregation of the rearrangement among the progeny 
of a few F 1 XX females was also followed. 
Although most of the males and many of the females were initially screened for 
translocation semi-sterility, the presence of the rearrangement was only taken to be 
established with clear cytological evidence. In both XO and XX females and also 
in some males, mitotic metaphase cells were scored for the presence or absence 
of the marker chromosome. In most males, however, meiotic metaphase I prep-
arations were examined for the translocation. The mitotic preparations were 
made by the method of EVANS et al. (1964), and the meiotic preparations by that of 
WELSHONS et al. (1962). 
Results 
Data on the two generations of crosses are presented in Table I. 
Pertinent to the present study is the observation that the frequencies of 
XO females in relation to their XX sibs is not influenced by the pres-
ence of the translocation, e.,g., the frequency in the F 1 (0.44) is not 
significantly different (x12 = 1.48) from that (0.34) obtained in previous 
studies (CATTANACH, 1962). The segregation of the translocation 
among the three classes (XO, XX and XY) in the second generation 
is therefore unlikely to be biased by differential viabilities. It may be 
noted that translocation-induced semi-sterility is clearly demonstrated 
TABLE I 
Anal  'sis of Litters of XO Females Mated to Homozygous  T6 Males and Those of Their 
X0 and XX T6 Heterozjofe Daughters 
Offspring 
Mating Litter Gener- XO XX Unclas- XX Unclas-. X0 
size ation 99 sihed 010, sified XX 
9Y 01 6 
Ta10, +/+ 	x 
+, T6/T6 4.92 F1 36 Si 5 100 II 0.44 
+10, T6/+'? x 
To, +/+ cTS 2.50 F2 27 8i 22 85 TO 0.33 
Ta/+, T6/+ 	x 
+, +/+c 3.82 F2 49 12 57 12 - 
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by the reduced litter size of the F 2 XO females (cf. that of the F 1 XO 
females). Also, the comparison of the litter sizes of F 2 XO and XX 
females shows the influence of the single X condition upon fertility. 
Table II presents the results of the genetical and cytological analyses 
of F2 progeny of the F 1 XO T61+ females, the number of XO, XX 
and XY individuals scored is not, however, representative of the 
frequencies with which the three classes were produced. It can be 
seen that there is no tendency for the T6 marker chromosome to 
segregate from the X; the translocation was not found in any higher 
frequency among the XO progeny than among the XX and XY 
progeny. Thus, there is no evidence for distributive pairing between 
the two chromosomes. It may be noted that there was a slight excess 
of translocation heterozygotes, most conspicuous in the male group, 
but the overall discrepancy was small and the analysis of a limited 
number of offspring of XX T6'1 + females showed an identical excess. 
TABLE II 
The Distribution of the T6 Translocation Among the Three Classes of Offspring of 
XO T6/+ Females 
X-chromosome class 
XOYY 	XX9 	xyed Total 
Autosomal complement 
T6 	 9 	 15 	41 	65 
Normal 	 ii 12 26 49 
During the genetical and cytological tests a discovery was made 
which, as well as being of interest in itself, was particularly pertinent 
to the present study. It was first noted that a proportion (1515  2) of the 
males that were subjected to fertility tests were completely sterile. 
On cytological analysis it was found that the majority of them (12/15) 
were translocation heterozygotes but that the three others possessed 
an extra chromosome. Another such animal was subsequently found 
among 19 males subjected only to cytological analysis. Mitotic meta-
phase counts of 41 were regularly obtained, and in meiotic metaphase I 
preparations zo bivalents, including the XY bivalent, and a small 
univalent were observed. Meiosis generally broke down after the 
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first division, but in one male spermatogenesis proceeded far enough 
that a few sperm were produced. All four 41—chromosome animals 
possessed the T6 marker chromosome, and it would seem most likely 
that this represents the extra element. With a probable normal 
chromosome complement plus the T6 marker chromosome, these 
animals may be considered as partial trisoniics. 
Partial trisomics were also found in the XO and XX group, but 
these were not characterised by sterility. Of 18 fertility-tested XX 
females, three were sterile but on cytological analysis proved to be 
ordinary translocation heterozygotes. Among the fertile individuals, 
two were subsequently found to possess 41 chromosomes, with the 
T'6 marker again always being present. Of 17  fertility-tested XO 
females, three were completely sterile, and two of these were T6 
heterozygotes. The third sterile XO female was a chromosomal 
mosaic; only bone marrow cells were examined, but within this tissue 
two lines of cells were found: one possessed 39 chromosomes and the 
other 40. In all, almost ioo cells were scored, and the two cell types 
were found to occur with almost equal frequencies. Since the T6 
marker was present in both cell lines and the phenotype indicated 
that only one X-chromosome was present, it seems most probable 
that the female was an XO/XX mosaic, heterozygous for the trans-
location. Among the fertile XO females, one animal was found to 
possess 40 chromosomes, one of these being the cell marker. Since 
she produced two phenotypically XO daughters, it would seem most 
likely that she was in fact an XO female and that the extra element 
was the T6 marker chromosome, i.e., she was a partial trisomic of the 
type already described. 
If, as seems most probable, the partial trisomic condition arose by 
the random segregation of the T6 chromosome when present as a 
univalent in the meiotic divisions of the XO T61 + mothers, then on 
each of these occasions the marker should have been available for 
distributive pairing. The data on the partial trisomics (Table III) 
shows that there is no tendency for this chromosome to segregate 
from the single X, i.e., the exceptional animals appeared with similar 
frequencies in the XO and XX plus XY classes. The even distribu-
tion of the partial trisomics among the three classes provides con-
vincing evidence that the two chromosomes do not pair distributively. 
The partial trisomic condition could not be considered to have a 
diagnostic phenotype, but it seemed to be associated with a peculiar 
head shaking behaviour and jerky nervous movements. The two XX 
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TABLE III 




XO 	XXYY 	XY6C3' 	Total 
No. of partial trisomics 	 I 	 2 	 4 	7 
No. of animals examined ZI 29 71 125 
Frequency of partial trisomics 	4.8% 	6.9% 	5.6% 	5.8% 
females, one male and possibly the one XO female exhibited this 
type of behaviour. In addition, perhaps as a consequence of the be-
havioural trait, all three females were bad mothers; one XX female 
killed all her offspring, the other reared only three members of one 
litter and the XO reared only one (XO) daughter. All four progeny 
were phenotypically normal and had the standard autosome comple-
ment. 
Discussion 
Although the experimental system had the limitation that the T6 
marker did not always enter the distributive pool, the results clearly 
do not support the concept that it may pair distributively with the 
single X-chromosome of XO females, and the random assortment of 
the two chromosomes in XO and XX plus XY partial trisomic 
animals substantiated this conclusion. 
The detection of distributive pairing between the X and T6 chromo-
somes depends upon their segregation from each other with a fre-
quency in excess of the random 50% level, but they may do this only 
when the T6 marker joins the single X in the distributive pool. Using 
FORD'S (personal communication) estimate of the frequency of uni-
valent formation ( %) in the meiotic metaphase I divisions of male 
translocation heterozygotes, and assuming it to be similar in female 
meiotic divisions, it may be calculated that the translocation should 
segregate from the X in 72.5% ( +/) of divisions. This figure is not 
greatly above the random 50% level and may not be reached if the X 
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and the marker chromosome do not always pair distributively when 
given the opportunity, when the marker enters the distributive 
pool. The results, however, do not indicate any tendency for the X 
to segregate from the translocation; in fact, the opposite was true: 
they segregated together in the majority of cells. The observed result 
is not significantly different from the 50% level expected with random 
segregation (x1 2 = 3. so); it is, however, significantly different from the 
proposed expected level (z12= 22.72). Even if the marker chromosome 
entered the distributive pool and paired distributively with the X 
in only i 0% of cells, the observed segregation would still be signi-
ficantly different (x1 2  = 4.4) from that expected. Thus, whatever the 
limitations of the experiment, the data do not provide any evidence 
which might suggest that the X and the T6 marker chromosome 
may pair distributively with each other. 
The distribution of the partial trisomics fully substantiated the 
conclusion reached in the experiment. If, as seems most probable, the 
trisomic condition arose as a consequence of the failure of the T6 
chromosome to take part in exchange pairing, then in these cells the 
T6, as a univalent, should always enter the distributive pool and be 
available for distributive pairing with the single univalent X-chromo-
some. However, although the data are small, the frequency of partial 
trisomics was no higher among the XO progeny (4.5 %) of the 
XO T61+ females than among the XX and XY (6.o%) classes, 
indicating that the two chromosomes segregated independently of 
each other. All the evidence thus indicates that the X and the T6 
marker chromosome do not pair distributively. 
The failure of the system to demonstrate distributive pairing be-
tween the two chromosomes could be accounted for by their difference 
in size. GRELL (1964a, 1966) has shown that in both competitive and 
non-competitive systems the distributive pairing mechanism is size-
dependent. In the non-competitive system estimations were made of 
the frequency of disjunction between a single fourth chromosome and 
a series of free X duplications ranging in size from < 0.3 to 4+ 
times the size of chromosome IV. It was found that the frequency 
was at its highest (99.9%) when the two chromosomes were approxi-
mately the same size, lower frequencies being obtained when larger 
and smaller X duplications were used. In the mouse the X is one of 
the largest chromosomes and the T6 marker is characterised by being 
the smallest, but the range in size of mouse chromosomes is much 
less than that in Drosophila. On the basis of either mitotic metaphase 
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or meiotic metaphase I chromosomes, the length of the T6 marker 
may be estimated to be approximately one quarter that of the X. 
This size difference does not lie outside that tested and found to be 
effective in Drosophila, where one X duplication, four times the size 
of chromosome IV, disjoined from the single fourth chromosome 
with a frequency of 98%. Unless, as GRELL (1964b) has tentatively 
suggested, size at mitotic metaphase does not completely reflect size 
at distributive pairing, the data would seem to indicate that non-
homologous chromosomes do not pair distributively in the mouse. 
While GRELL (1964b) has stressed that in organisms other than 
Drosophila distributive pairing may be restricted to homologous 
chromosomes, it may be that in organisms like man and the mouse the 
existence of so many chromosomes, all so relatively similar in size, 
has precluded successful evolution of a distributive pairing system, i.e., 
the risk of distributive pairing between non-homologous, non-
crossover chromosomes would be extremely high. Certainly, the mouse 
data does not offer support for the possibility that the mechanism may 
be responsible for the co-occurrence of the rare karyotype abnor-
malities in man, although the accumulation of examples continues to 
make GRELL and VALENCIA'S (1964) theory an attractive one. The 
selective nature of the human data, however, makes it difficult to 
assess whether the double occurrences are actually more frequent than 
might be expected. 
The discovery of the partial trison-jics is in itself of interest. The 
occasional appearance of 41-chromosome individuals among nine-
day-old embryos of T6 heterozygotes was already known, but it was 
not realized that these could survive up to and beyond the time of 
birth. The overall frequency of partial trisomics in the present ex-
periment was 5.8%, a figure which is in close agreement with that 
(6.5%) found by Evs and MEREDITH (personal communication) 
among nine-day-old embryos. This suggests that the aneuploid con-
dition is fully viable in late pre-natal and post-natal life. 
Consistent with the apparent full viability of the partial trisomics 
was the observation that the phenotype was normal or near-normal. 
This situation, in contrast to that in man, would seem to be a standard 
feature of the known autosomal trisomic conditions in the mouse 
(CATTANACH, 1964; GRIFFEN and BUNKER, 1964; LYON and MERE-
DITH, 1966) and, at least in part, must be attributed to the selective 
nature of both groups of data; i.e., in man a search for chromosome 
anomalies has primarily been carried out on patients suffering from 
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extensive malformations, while in the mouse only individuals which 
are near-normal could be expected to survive. However, the ac-
cumulation of viable and near-normal aneuploid types in the mouse 
strengthens the argument (CATTANACH, 1964) that autosomal tn-
somics, or partial trisomics, which do not cause extensive malforma-
tions may yet be found in man. In view of the near-consistent feature of 
male sterility in mouse trisomics - one 41-chromosome animal having 
a very limited period of fertility (GRIFFEN and BUNKER, 1964)— a likely 
source would seem to be among male patients attending fertility clinics. 
The single XO/XX mosaic discovered in the present experiment 
is the first example of its kind in the mouse, and it is unfortunate that 
the sterility, which is most likely due to the presence of the transloca-
tion, precluded the collection of genetical data. Presumably, the pri-
mary event was one of loss of the maternal X-chromosome; since the 
hemizygous phenotype of the marker gene indicated that the coat, i.e., 
ectoderm, was basically of the XO type even though the two cell 
types were present in equal numbers in the bone marrow, the loss 
of the chromosome probably occurred in an early zygotic division. 
The rarity of XO/XX mosaicism in the mouse is difficult to assess, 
for the genetical and cytological tests that are usually applied are 
seldom exhaustive enough to pick up any but the most obvious 
mosaics - such as the present example was. 
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Analysis by starch gel electrophoresis of erythrocyte hemolysates and brain extracts 
indicated that an electrophoretic variant of lactic dehydrogenase discovered in Per-
omyscus involves the A subunit. The tetramers containing the variant molecules migrate 
more rapidly than the normal ones, and the staining reactions suggested a reduced enzy-
matic activity. Comparisons of the erythrocyte LDH activity of normal and homo-
zygous variant animals indicated that the variant enzyme is intrinsically less active 
than the normal. The variant is inherited as an autosomal codominant and appears to 
confer no selective disadvantage. 
INTRODUCTION 
Lactic dehydrogenase is commonly found in one to five electrophoretically distin-
guishable molecular forms (isozymes) in various tissues of animal species (Markert 
and Moller, 1959). Markert (1962) and Cahn et al. (1962) have proposed that these 
arise from the five possible combinations of two different subunits, A and B, to form 
enzymatically active tetramers; Markert (1963) was later able to demonstrate that all 
five isozymes could be formed in vitro by the random reassociation of a mixture of 
dissociated A4 and B4 subunits. The postulated subunit formula for the isozymes is, 
therefore: LDH-1 = B 4, LDH-2 = B 3A, LDH-3 = B 2A2 , LDH-4 = BA 3 , and 
LDH-5 = A 4 . 
It was assumed that the two subunit polypeptides, A and B, were under separate 
genetic control, and supporting evidence was obtained by Shaw and Barto (1963) in 
studies with an electrophoretic variant of the B subunit in the deer mouse, Peromyscus 
maniculatus. Their findings clearly showed that bands 1-4 share a common subunit 
This work was supported in part by a grant GM-15885 from the National Institutes of Health, 
U.S. Public Health Service, and in part by a supporting fund established in the name of Zachary 
Pitts Research Fellowship. 
1  Department of Biology, City of Hope Medical Center, Duarte, California. 
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which is under the control of an autosomal locus and that band 5 does not contain 
this subunit. Similar conclusions have since been drawn from studies on electro-
phoretic variants of both the A and B subunits in man, but the homozygous and 
heterozygous forms of each variant have not been detected (Boyer etal., 1963; Blake 
et al., 1969; Kraus and Neely, 1964; Nance et al., 1963; Vesell, 1965). 
The present communication reports the discovery, mode of inheritance, and 
analysis of an electrophoretic variant of the A subunit of LDH in the deer mouse 
which is enzymatically less active than the normal. The findings complement those 
of Shaw and Barto (1963) in providing further genetical evidence for the tetrameric 
structure of LDH and separate genetic control of the A and B subunits. 
MATERIALS AND METHODS 
The LDH variant was found in one of four laboratory stocks of deer mice, Peromyscus 
maniculatus, that were being screened for erythrocyte electrophoretic enzyme variants. 
This stock, obtained from Dr. Ruth Anderson of Eastern Oregon College, is of mixed 
genetic background, being derived from crosses of a number of subspecies (P.m. 
gracilis, P.m. rubidus, P.m. gambe!i). Several coai color mutants segregated in the 
stock. A few animals of the subspecies P.m. gracilis amd P.m. bairdii, obtained from 
Dr. Frederick Hart of the University of Oregon Medical School, and a few from 
Dr. Barto's colony were also screened. 
Only the A subunit of LDH is normally detected in the erythrocytes of the deer 
mouse, and, hence, the variant patterns observed involved only changes in the mobility 
of the LDH-5 band. Among the animals of all four stocks screened for electrophoretic 
variants, two were found with variant LDH patterns. One, a female, exhibited a single 
more rapidly moving band and was therefore presumed to be a homozygous variant for 
the A subunit; in the other, a male, band 5 contained five components located between 
that of the normal LDH-5 and that of the female variant, and this animal was there-
fore presumed to be a heterozygote. These conclusions were confirmed in the crosses to 
be described. 
Only erythrocyte LDI-I patterns were studied in the genetical analyses, but once 
the mutant had been propagated several animals were sacrificed and the isozymes of 
other tissues examined. Blood samples were collected from the tail vein after the 
animal had been warmed and lightly anesthetized with ether. The erythrocyte fraction 
was isolated by centrifuging in acid—citrate dextrose at 1500 rpm for 10 min and then 
washed three times in 0.9% NaCl. The cells were then lysed in a hemolyzing solution, 
frozen, and thawed. Five-hundredths milliliter of each sample was then added to each 
slot of the starch gel, and vertical electrophoresis was carried out for 16-18 hr at 
240 v, 4 C. A tris—citrate buffer at pH 7.0 was used. Other tissues were cut into small 
pieces, rinsed in 0.9% NaCI, homogenized in an equal volume of hemolyzing solution, 
frozen, and thawed. The solution was then centrifuged at 3000 rpm for 10 mm, and 
the supernatant was collected and recentrifuged in the cold for 1 hr at 15,000xg. 
The final supernatant was then treated in the same manner as the erythrocyte hemo-
lysate. 
The gel was sliced horizontally and incubated at 37 C in a solution made up of 
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75 ml of 0.5 M phosphate buffer solution containing 1.6-1.7 g lactic acid, 1.3 g 
hydrazine sulfate, 0.1 g neotetrazolium chloride, 60 mg DPN, and 4 mg phenazine 
methosulfate, pH 8.0. The sites of LDH activity appeared as purple bands. The 
methodology is essentially that of Shaw and Koen (personal communication). 
Several experiments were carried out to investigate the activity of the variant 
erythrocyte LDH (LDH-5). The erythrocytes were thoroughly washed before hemo-
lysis to remove all trace of serum, which is known to contain the other isozymes of 
LDH, and enzyme activity was measured in the hemolysates by observing the change in 
absorbance accompanying the oxidation of reduced nicotinamide adenine dinucleo-
tide in a Gilford 2400 multiple-sample spectrophotometer at 37 C. The standard 
reaction mixture contained 3.3 x 10 - M sodium pyruvate and 0.0002 M reduced 
nicotinamide adenine dinucleotide in a 0.1 M phosphate buffer, pH 7.0; however 
activity was also measured over a range of pH levels and substrate concentrations. 
Activity is expressed as moles of pyruvate reduced per minute per milligram of hemo-
globin. The extinction coefficient of hemoglobin was taken to be 15.5 (Lemberg and 
Legge, 1949). 
TERMINOLOGY 
To conform with the terminology proposed by Shaw and Barto (1963), we have named 
the A subunit locus L-2. The genotypes, phenotypes, and polypeptide products are 
shown in Table I. The terminology varies in only one respect from that of Shaw 
and Barto (1963); in order to avoid confusion in the records of our stocks, which 
have more than one enzyme variant segregating as well as a number of coat color 
mutants, we have chosen to use the more descriptive terms, L2a, and L2b  for 
the phenotypes rather than A-a, A-ab, and A-b. 
RESULTS 
Once the LDH variant had been propagated and further homozygous (L-2') and 
heterozygous (L20l)) animals produced, several were sacrificed and the isozymes studied 
in tissues other than erythrocytes. Figure 1 illustrates the patterns found in brain, 
a tissue which possesses the A and B subunits in near equal amounts. The proposed 
tetrameric structures of the various isozymes and the relative proportions of each 
Table I. Genotypes, Phenotypes, and Polypeptide Products of 
Animals Showing the Three LDH Patterns 
Polypeptides 
Genotype Phenotype produced 
Normal 	 L-2"/L-2 L-2 1 A- 
Heterozygote 	 L-2-IL-Y' L-2" A, A  
Homozygote variant 	L-2"/L-2" L2b 
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Fig. 1. LDH isozyme patterns of Peromyscus brain. The sample 
concentrations for the L-2 animals were one and a half times 
greater than those of the homozygotes, and the gel was stained 
for as long as possible to permit the best resolution. Higher 
concentrations are required to demonstrate all five components 
of LDH-5 in the heterozygote and slightly lower concentrations 
to resolve the components of LDH-2. With the buffer used, 
LDH-3 of both homozygotes is frequently seen split into two 
halves; this is thought to be an in vitro artifact. Anode is at top. 
expected with random combination of the subunits and equal polypeptide production 
by the L-2° and L-2' genes are also given. It can be seen that the patterns for L-2" and 
L-2 1' animals are similar in configuration but that bands 2-5 migrate more rapidly 
than the corresponding bands of the normal mouse; only the position of band 1 is 
unchanged. In the heterozygote, band 1 is again unaffected but bands 2-5 contain 
two, three, four, and five components, respectively, and the fastest and slowest 
moving components of each band lie in parallel positions to those of the equivalent 
bands of L-2" and L2a  animals, respectively. The configurations are in complete 
agreement with the hypothesis of Markert (1962, 1963). 
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Although the isozyme patterns of the two homozygotes were similar in configura-
tion, it was noted that in many gels bands 2-5 of the variant tended to stain less deeply 
than the equivalent bands of normal mice. The same type of observation could be 
made in the heterozygote; the components of bands 2-5 which contain the variant 
polypeptide (A s') seldom stained as deeply as the equivalent components containing 
the normal polypeptide (A°). The reduced enzymatic activity that the differential 
staining reactions indicate is at variance with the expectation (Fig. I). The findings 
suggest that either the L-2" allele produces less of its polypeptide than the L-2° allele 
or that tetramers containing the variant polypeptide are enzymatically less active. To 
investigate this further, the LDH activities of erythrocyte hemolysates were studied; 
as indicated earlier, deer mouse erythrocytes appear to contain only the LDH-5 
isozyme (A 4). No attempt was made to study the purified enzyme. 
A comparison of the erythrocyte LDH activity of L2a  and L-2" animals (i.e., 
A versus A) confirmed the observations made on the starch gel. Significantly lower 
activities were recorded in all L2b  animals tested (Table II), and, since the L-2° and 
L-2" animals were closely related, the different activities cannot be attributed to 
genetic background influences. The reduced activity did not seem to be due to an 
intrinsic instability of the L-2" enzyme, as has been tentatively suggested for an A 
subunit variant in man (Blake et al., 1969), for no greater drop in activity was detected 
when the hemolysates were kept at room temperature or at 37 C for a period of 
12 hr. In addition, no differential loss of activity was detected when whole erythrocytes 
were kept frozen for several months. 
A study of the activities over a range of pH levels indicated that the L2a_L2l 
difference observed at pH 7.0 was not due to a shift in the pH optimum of the variant 
enzyme (Fig. 2); however, when the effect of substrate concentration was investigated, 
a clear difference between the two enzymes emerged. Figure 3 presents the data 
plotted according to the method of Lineweaver and Burk (1934) for the calculation 
of the Michaelis constants. The estimated K  values for the normal and variant 
enzymes were 1.54x iO and 1.22x iO, respectively. Clearly these figures have no 
absolute value since the measurements were made on crude extracts rather than on 
Table H. Erythrocyte LDH Activity of 
L2b and L-2 1 Homozygotes' 
L2b activity 	 L-2a activity 
1.65(g) 	 4.2O() 
2.11 () 4.13 () 
2.17 () 	 4.91 () 
2.77 () 5.21 () 
1.82(e) 	 4.55(e) 
1.92(e) 4.98(e) 
Activity is expressed as moles of pyru-
vate reduced per minute per milligram 
of hemoglobin. 
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Fig. 2. Effect of pH on activity. Activity is expressed as moles of pyruvate 
reduced per minute per milligram of hemoglobin. 
purified enzymes, but they serve to demonstrate that the LDH-5 of L-2" animals is 
intrinsically less active than that of normal mice. The data are not precise enough to 
indicate that the difference is the sole cause of the lower activities for L-2" animals 
(Table II), but they leave little reason to postulate that the mutant gene also produces 
less of its polypeptide than the normal allele. 
The inheritance of the variant enzyme patterns among the descendants of the 
original female, postulated to be a homozygote for the variant allele, is shown in 
Table III. The original male, considered to be the heterozygote, was only tested 
sufficiently enough to demonstrate that he carried the same mutant gene. The data 
clearly confirmed the predictions of the genotype made on the original female and 
male, and it can be seen that the variant patterns segregate in the expected Mendelian 
ratios. The L2a  and L-2" alleles are inherited as autosomal codominants. A marked 
deficiency of males was noted in many sections of the data, and this has been found 
to be a characteristic of certain matings and associated with a reduced litter size. 
The mode of inheritance suggested that some females carried a sex-linked lethal gene, 
but, as the data shown in Table 111 indicate, this did not disturb the observed segre-
gation of the variant LDH patterns. Homozygous L2a  and L-2' lines have now been 
established that appear to be free of the lethal. 
Several coat color genes, brown, silver, and pink-eye, and an electrophoretic 
variant of the enzyme, 6-phosphogluconate dehydrogenase, were present in many of 
the LDH matings but, with the possible exception of pink eye, they segregated 
independently of the L-2 locus; there was no indication of close linkage. 
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Fig. 3. Effect of substrate concentration on activity. Activity is expressed 
as moles of pyruvate reduced per minute per milligram of hemoglobin. 
Table 111. Inheritance of the Variant LHD Patterns' 
Phenotypes of offspring 
No. of No. of L-2" L-2 0 " 
Cross matings offspring 
L-2° Y xL-20 op 5 25 (10) 	(15) - 	 - - - 
L-2'?xL-2" 4 110 - 	 - 31 23 28 28 
L-2" xL20bd 5 50 - 	 - Il 	8 19 2 
L-2 0 xL-2' 3 81 26 13 19 23 - - 
L-2 .b xL-2 0 3 42 13 	6 12 	11 - - 
L20! x L-2 7 74 11 8 24 17 7 7 
L2b xL2b 6 4 29 - 	 - - 	 - (14) (25) 
L2b x L-2 0 t 11 - 	 - 5 6 - - 
The numbers in parentheses indicate animals that were nonrandomly selected for classification; 
the sex ratios in these groups have no meaning. 
DISCUSSION 
The data indicate that the electrophoretic variant discovered in one of our Peroniyscus 
stocks is genetically determined, that it involves only the A subunit of the enzyme, and 
that tetramers containing the variant polypeptide are enzymatically less active. It is 
probable that the change in the ionic charge responsible for the change in the electro- 
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phoretic mobility is the result of a single amino acid substitution, but, whatever the 
nature of the genetic alteration, it may be reasonably assumed that the same altera-
tion is responsible for the reduced activity of the enzyme. 
The isozyme patterns observed in the heterozygote are clearly in agreement with 
Markert's (1962, 1963) hypothesis of the tetrameric structure of LDH and separate 
genetic control over the two subunits, A and B. in this respect our findings comple-
ment those of Shaw and Barto (1963) in their study of a B subunit variant in the same 
species. The differential staining reactions are also in agreement with the hypothesis, 
when allowance is made for the reduced activity of tetramers containing the variant 
polypeptide. Unfortunately, the resolution of the various components is not precise 
enough to allow us to conclude that the activity of the various tetramers is quantita-
tively reduced in proportion to the number of variant polypeptides they contain, but it 
is likely that this is so. 
In spite of the reduced activity of the variant enzyme, neither the homozygous 
nor heterozygous animals appeared to be at any selective disadvantage. The segrega-
tion ratios indicated that there was no differential viability up until the age of classifi-
cation (6-8 weeks), and the homozygous variant line is equally as healthy and fertile 
as the normal. 
Now that both A and B subunit variants are available in the one laboratory 
species, it should be possible to determine if the two loci are linked. 
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An XYY sex-chromosome constitution in the mouse' 
B. M. CATTANACH and C. E. POLLARD 
Department of Biology, City of Hope Medical Center, Duarte 
Abstract, A phenotypically normal male mouse, investigated because it was 
sterile, was found to possess 41 chromosomes. A karyotypic analysis indicated 
the extra element was one of the smallest chromosomes, almost certainly the Y. 
X-Y bivalents, Y-Y bivalents and X,Y,Y univalents were seen in meiotic meta-
phase I cells, and it was therefore concluded that the extra chromosome was 
indeed the Y. Spermatogenesis tended to break down after meiosis I, but a few 
spermatids and sperm were observed. 
Introduction 
The XYY sex-chromosome constitution in man does not appear 
to lead to any consistent pattern of phenotype, but it seems to pre-
dispose to aggressive behavior, mental subnormality and tall stature 
(JAcoBs et al., 1965, 1968; CASEY et al., 1966, 1967; PRICE et al., 1966; 
PRICE and WHATMORE, 1967; COURT BROwN et al., 1968). Generally, 
the fertility status is not known, and although some of the earlier 
discovered cases showed abnormalities of sexual development, all 
the more recent cases appear to be quite normal in this respect. 
At least four cases are known to be fertile (HAUSCHKA et al., 1966; 
TZONEVA-MANEVA et al., 1966; THOMPSON et al., 1967; WILSON and 
LEVER, 1967). 
The XYY condition has not so far been reported in the mouse, 
and were it to exhibit the same characteristics as it does in man, it is 
doubtful whether it would be phenotypically detectable. Male sterility 
has proven to be the best indicator of aneuploidy in the mouse 
'This work was supported by grant GM-15885 from the National Institutes 
If Health, U.S. Public Health Service. 
Request reprints from: Dr. BRUCE M. CATTANACH, Department of Biology, City 
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(CATTANACH, 1961, 1964, 1967; RUSSELL and CHU, 1961; GRIFFEN 
and BUNKER, 1964; LYON and MEREDITH, 1966; GRIFFEN, 1967), 
and for this reason we have decided to investigate routinely all males 
that appear to be sterile. The present communication reports the 
discovery of a 41-chromosome, sterile male mouse, the cytological 
analysis of which indicates an XYY chromosome constitution. 
Origin and description 
The animal was one of 51 apparently normal offspring of a pair of C3HeB/Fej 
inbred mice obtained from the Jackson Laboratory. Neither parent was available 
for examination at the time the exceptional animal was found, but since the litter 
size was not low (7.29), it is unlikely that either of them carried some chromosome 
change that might have predisposed to nondisjunction. The sex ratio was also 
normal, 24 females :26 males and one unclassified. Seven of the female sibs and 
16 of the male sibs have been utilized in various crosses; all have proved to be 
fertile and produce normal-sized litters with normal sex ratios. 
The exceptional animal was considered to be sterile; prior to sacrifice it had 
been caged with two females of a fertile stock for four months and no litters were 
born during this time. Although the animal was not weighed or measured in any 
way, it was not noted to be any larger than its sibs, and it had not shown any 
aggressive tendencies. On sacrifice the testes were found to be extremely small, 
perhaps one-quarter normal size, and apart from a rather excessive amount of 
abdominal fat for its age and strain, the animal showed no other obvious ab-
normality. 
Results 
Preparations of the testes were made by the air-dry method of EVANS 
et al. (1964). Little material was available for study and only one good 
slide could be prepared. Spermatogonia, primary spermatocytes and 
meiotic metaphase I cells were present, but only a very few spermatids 
and spermatozoa were seen. 
The single slide contained approximately 40 meiotic metaphase I 
cells, but in only 16 could all the elements be distinguished without 
difficulty and accurate counts made. In almost all the cells, both scored 
and unscored, an extra, small element was seen. Among the 16 cells 
which could be accurately scored, three were found which possessed 
20 bivalents, including the X and Y in end-to-end association, and 
also an extra, small element, which in both size and degree of con-
densation closely resembled the Y (Fig. 1). In eight cells there were 
19 bivalents plus a univalent X and two small indistinguishable 
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Fig. 3. Meiotic metaphase 1. The univalent X and the Y-extra clement bivalent 
are identified. 
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(CATTANACH, 1961, 1964, 1967; RUSSELL and Cut, 1961; GRIFFEN 
and BUNKER, 1964; LYON and MEREDITH, 1966; GRIFFEN, 1967), 
and for this reason we have decided to investigate routinely all males 
that appear to be sterile. The present communication reports the 
chscoverv of a 41-chromosome, sterile male mouse, the cytological 
analysis of which indicates an XYY chromosome constitution. 
Origin and description 
The animal was one of 51 apparently normal offspring of a pair of C31 IeB/Fej 
inbred mice obtained from the Jackson Laboratory. Neither parent was available 
for examination at the time the exceptional animal was found, but since the litter 
size was not low (7.29), it is unlikely that either of them carried some chromosome 
change that might hare predisposed to nondisjunction. The sex ratio was also 
normal, 24 females :26 males and one unclassified. Seven of the female sibs and 
16 of the male sibs have been utilized in various crosses all have proved to be 
fertile and po duce normal-sized litters with normal sex ratios. 
The exceptional animal was considered to he sterile; prior to sacrifice it had 
been caged with two females of a fertile stock for four months and no litters were 
born during this time. Although the animal was not weighed or measured in any 
way, it was not noted to he any larger than its sibs, and it had not shown attv 
aggressive tendencies. On sacrifice the testes were found to be extremely small, 
perhaps one-quarter normal size, and apart from a rather excessive amount of 
abdominal far for its age and strain, the animal sh\vctl no other obvious ab-
normality. 
Results  
Preparations of the testes were made by the air-dry method of E AN 
et al. (1964). Little material was available for study and only one good 
slide could he prepared. Spermatogonia, primary sperrnatocvtes and 
meiotic metaphase I cells were present, but only a very few spermatids 
and spermatozoa were seen. 
The single slide contained approximately 4() meiotic metaphase 1 
cells, but in only 16 could all the elements he distinguished without 
difficulty and accurate counts made. In almost all the cells, both scored 
and unscoreci, an extra, small element was seen. Among the 16 cells 
which could be accurately scored, three were found which possessed 
20 bivalents, including the X and Y in end-to-end association, and 
also an extra, small element, which in both size and degree of con-
densation closely resembled the Y (Fig. 1). In eight cells there were 
19 bivalents plus a univalent X and two small indistinguishable 
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elements, at least one of which must have been a Y (Fig. 2). In two 
other cells, a unique association was seen; there were 20 bivalents 
and a univalent X, and one of the bivalents comprised the two small 
elements closely and unmistakeably paired (Fig. 3). Finally, among 
the remaining three cells there were two with 19 bivalents plus a 
univalent X and Y and one with 19 bivalents and a univalent X only. 
Chromosome counts on seven spermatogonial mitoses confirmed 
the presence of an extra element; 41 chromosomes were present in 
each cell. A karvotype of the best cell was prepared, and in spite of 
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the uniformity in shape of mouse chromosomes, it could be seen 
that the extra chromosome was one of the smallest, almost certainly 
the Y (Fig. 4). 
Discussion 
The evidence that an extra chromosome is present is clear. An extra, 
small element was seen in most meiotic metaphase I cells, and in 
spermatogonial mitoses, 41, rather than 40, chromosomes were 
observed. The identification of the extra chromosome as a V is also 
almost certain: The karyotvpic analysis revealed that the extra element 
was one of the smallest and probably the Y, but the strongest evidence 
came from the study of meiotic metaphase I cells. The extra element 
was indistinguishable from the Y in size; like the Y, it exhibited a 
higher degree of condensation than the autosomes, and in two cells, 
the V and the extra element formed a bivalent. Together, the,(-- 
observations effectively rule out the possibility that the extra cho 
mosome is an autosorne or an autosomal fragment, and while the 
degree of condensation might he compatible with the hypothesis that 
it is an X fragment, it would seem too fortuitous that it should other-
wise so closely resemble the V. The most likely interpretation of the 
data is that the exceptional animal possessed an XYY sex-chromosome 
constitution. 
In man the fertility status of the XYY is generally not known. 
But the majority of the reported cases have not shown any abnor-
nialities of the genitalia, and there are several cases proven to be 
fertile (HAuscIIKA et al., 1962; TZONEVA-MANEVA et al., 1966; 
THOMPSON c/ al., 1967; WILSON and LEVER, 1967). A few cases of 
hvpogonadism have been described (COURT BROWN et al., 1964; 
BAL0DIM0s et a/., 1966; NIELSEN ci al., 1966; WILSON and LEVER, 
1967), but the condition is not generally considered to be associated 
with the presence of an extra Y; certainly one of these cases was 
fertile, and hvpogonaclism was also found in a chromosomally normal 
sib of another. The small testes and its accompanying sterility ob-
served in the XYY mouse described in this paper may, therefore, 
indicate a true difference between the effect of the XYY chromosome 
constitution in the two organisms. 
In a meiotic study on a single human XYY, THOMPSON etal. (1967) 
found that the spermatogonia and primary spermatocYtes did not 
possess an extra Y. This finding is in agreement with the observation 
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that there is only a single reported instance of transmission of both 
Y chromosomes from an XYY father to his son (TZONEVA-MANEVA 
et a/., 1966). THOMPSON et al. (1967) suggest that one Y is selectively 
eliminated from the germ cells by a mechanism perhaps similar to a 
related one in Microtus oregoni, in which the somatic cells have an 
XY chromosome constitution and the germ cells a YO constitution 
(OHN0 et al., 1963). It may be that the XYY mouse is unable to 
eliminate one of its Y chromosomes from the germ cells and that 
this leads to disturbances in spermatogenesis and subsequently to 
sterility. It should be remembered, however, that the mouse exhibited 
oligospermia rather than aspermia; it is, therefore, possible that fertile 
XYY mice may also occur. This would reduce the differences between 
the consequences of the XYY condition in the two species, and with 
different selective procedures, hypogonadism and sterility may also 
prove to be an occasional feature of this chromosome constitution 
in man. 
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Sex-reversed mice: XX and XO males' 
B. M. CATFANACH, C. E. POLLARD, and S. G. HAWKES 
M. R. C. Radiobiology Unit, Harwell, Didcot, Berks., and City of Hope Medical 
Center, Duarte, Calif. 
Abstract 
An autosomally inherited condition is described in the mouse which causes genetic 
females to develop as phenotypic males. XX males are phenotypically normal with the 
exception of small testes, which, in the adult, are devoid of germ cells. During late fetal and 
early postnatal development, male-type germ cells are present but progressively become 
lost, so that none is present by 10 days of age. XO males are also phenotypically normal, 
but spermatogenesis is active in the testis, and spermatozoa are produced. Cytological 
evidence of a Y-autosome translocation was completely lacking, and it is proposed that 
an autosomal dominant gene mutation, analogous to that found in other mammalian 
species, is responsible for the sex reversal. 
Since the discovery of XO and XXY individuals in man (FORD et al., 
1959; JACOBS and STRONG, 1959), mouse (WELSHONS and RUSSELL, 1959; 
CATTANACH, 1961a; RUSSELL and Ci-m, 1961), and other mammals (THULINE 
and NORBY, 1961; BREEUWSMA, 1968; BRUtRE et al., 1969; CLOUGH et al., 
1970), it has been generally considered that the Y chromosome is necessary 
for the development of the mammalian testis and male phenotype. However, 
over the past few years a number of cases have been reported in which a 
female karyotype has been found in human individuals possessing testes. In 
some, the phenotype was ambisexual (SHAH et al., 1961; CLEVELAND and 
CHANG, 1965; CHIUMELLO et al., 1966), but in others there was almost normal 
male development (THERKELSEN, 1964; DE LA CHAPELLE et al., 1965; COURT 
BROWN et al., 1965; DE GROUCHY et al., 1967). In none of these cases has 
1 Supported in part by a grant (GM-15885) from the National Institutes of Health, 
U. S. Public Health Service. 
Request reprints from: Dr. BRUCE M. CArrANACH, M. R. C. Radiobiology Unit, 
Harwell, Didcot, Berks. (England). 
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there been any indication that the condition might have had an hereditary 
basis. Seemingly analogous conditions have been described in goats (SOLLER 
and ANGEL, 1964; HAMERTON et al., 1969; SOLLER et al., 1969), pigs (CANT-
WELL et al., 1958; JOHNSTON et al., 1958; MAiuNo et at., 1962; GERNEKE, 
1964, 1967; HARD and EISEN, 1965; HARD, 1967; SOMLEV et al., 1970), and 
possibly cattle (ASDELL, cited by OVERZIER, 1956), but in these species an 
autosomal recessive inheritance is indicated. This has been most clearly de-
monstrated in goats; XX animals, homozygous for the autosomal gene, 
Polled, show a range of phenotypes from almost normal female to almost 
normal male. In all cases reported the gonads were testicular in appearance. 
These data would suggest that a Y chromosome is not necessary for male 
development. However, the possibility that a small male-determining region 
of the Y might be carried elsewhere in the genome cannot be excluded with 
certainty. 
The present communication reports evidence of an autosomal factor in 
the mouse which causes XX and XO individuals to develop as phenotypic 
males. No evidence of a Y-rearrangement could be obtained in either meiotic 
or mitotic cell studies. 
Methods 
Mitotic chromosome preparations were made from bone marrow using an air-drying 
method based on the procedure of FORD and HAMERTON (1956), and meiotic chromosome 
preparations were made by the methods of EVANS et al. (1964) or MEREDITH (1969). For 
histological studies, the testes were fixed in Susa, embedded, sectioned at 7 u, and stained 
with hematoxylin and eosin. 
Results 
Origin 
The exceptional animals were first detected in an experiment in which 
males carrying the chromosomally unbalanced duplication (Dp) form of the 
flecked X-autosome translocation, T(1 ;X) Ct (CATTANACH, 1961 b), were being 
mated to a series of unrelated females. The males were genotypically Dp. cc 
and the females cc, i.e., both parents carried the autosomal coat-color gene 
albino (c) on their normal linkage group I chromosomes, and the males 
carried, in addition, the wild-type allele in the rearranged X (XT) .  Since Dp 
males possess a single X, they are phenotypically +, but all the daughters 
from the cross should be chromosomally XTX and, as a result of the X- 
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inactivation process (LYON, 1961), exhibit c-variegated coats (CATrANACH 
and ISAACSON, 1965). All the Sons should inherit the Y from the father and 
a normal X from the mother and hence should be phenotypically c. 
Among the 27 progeny of a single Dp male, 4 exceptional offspring were 
found, and these were produced by three different mothers. Two of the sons 
were c-variegated, as if they were XTXY  males (CATTANACH, 1961a); one son 
was +, as though he had received both the XT  and Y from the father but not 
a normal X from the mother; and one daughter was c, as though she was a 
matroclinous XO female (CATTANACH, 1961b). On checking the history of 
the Dp male it was found that he had produced several progeny in an earlier 
and similar cross and that one of these included a further exceptional c-
variegated male. No particular note was taken of this animal or his sibs, for 
c-variegated XTXY males are regularly detected in crosses of this type, if 
with low frequencies (0.02%), and no other feature of the cross was out of 
the ordinary. Table I summarizes the total data obtained both from the 
series of crosses that produced the several exceptional animals and also 
those from the earlier cross. 
When it seemed that there was little chance of obtaining further progeny, 
the Dp male was killed, and chromosome preparations were made from bone 
marrow and testis. A count of 40 was obtained both in bone marrow and 
spermatogonial cells, and at meiotic metaphase I, 20 bivalents, including a 
normal XY pair, were seen in most cells. In a low proportion of cells, con-
figurations involving the X, Y, and an autosomal pair were observed, as 
expected with a male carrying the flecked X-autosome translocation (OHN0 
and CATTANACH, 1962). No abnormalities of the reproductive system were 
detected, the testes were of normal size and, as with other Dp males that 
become sterile, the cause of the sterility was not apparent. 
Tests on exceptional progeny 
Breeding tests and chromosome counts confirmed that the c daughter was 
indeed a 39-chromosome XO female, and fertility tests on the two c-vane-. 
gated sons and the + son demonstrated that, like XTXY males, they mated 
but were completely sterile. The three males were killed and, on dissection, 
were found to possess small testes, which proved to be devoid of germ cells. 
Otherwise, no macroscopic abnormalities of the reproductive system were 
detected. Chromosome preparations were made from bone marrow, and 
here an unexpected discovery was made. Both c-variegated males possessed 
40, rather than 41, chromosomes and thus could not have been chromo-
somally XTXY,  and the + male proved to be a 39/40 chromosome mosaic. 
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Table I. Data obtained from crosses of the Dp male with c females. 
Cross 	No. of 	No. 	Litter size 	:6 Classification at three weeks 
matings' fertile at birth 	at birth c-var. 	c 	c-var. dd c 	+ &3¼ 
Series 	24 	9 	3.38 	4:25 	3 	20 	2 	1 	1 
Original ? 3 7.67 15: 8 	15 7 	1 0 0 
Total 	 19:31 	18 	27 	3 	I 	1 
Matings assessed by the presence of vaginal plugs. 
Table 11. Tests of normal c male progeny of the Dp male with Ta/Ta females. 
Male No. 	Litter size 	 Classification at three weeks 
at birth at birth 	Ta/+ Yy 	Ta. d& 	Ta/+ cd 	Ta. YY 
1128 	 5.00 	 12:23 	11 	 18 	 0 	 0 
1129 5.50 12:32 9 14 13 1' 
1130 	 3.50 	 12:25 	9 	 15 	 5 	 0 
1  Proven to be a 39/XO female. 
Tests on normal progeny 
Tests on the normal progeny were limited because of our move from the 
City of Hope Medical Center to the Harwell Unit. All three c-variegated 
females proved to possess 40 chromosomes, and the long XT chromosome 
could be recognized in many cells. However, attempts to test them genetically 
in the time available were unsuccessful. Three c males were genetically 
tested by mating them to females whose X chromosomes were marked 
with the X-linked gene Tabby (Ta). These three animals and their mates 
were taken to Harwell. The results of the tests are shown in table II. Nor-
mally, all the daughters of such a cross would show the heterozygous Ta 
phenotype, receiving the Ta X from the mother and the + X from the 
father, and the sons would show the hemizygous Ta phenotype, receiving the 
Y rather than the + X from the father. However, two of the three tested 
males produced Ta/+ sons as well as Ta/+ daughters and Ta. sons, and, in 
both matings, there was a marked shortage of Ta/+ daughters. It may be noted 
that one of these males produced a matroclinous XO daughter, as had his 
father. The results of the test on the third male were somewhat ambiguous, 
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for although he did not produce any Ta/+ sons, the sex ratio was again 
abnormal. The mean litter size in all three tests was not high, and in one case 
was distinctly low. The evaluation of this factor is made difficult without a 
suitable control, for Ta/Ta females are not the most vigorous of animals, 
and their fertility can be quite variable, especially if they are at all inbred as 
these ones were. 
Interpretation 
Barring any structural change in the flecked rearrangement, a c-varie-
gated phenotype indicates the presence of two X chromosomes, the XT  and 
a normal X. It must be concluded that the two tested c-variegated males 
carried the paternally-derived XT  as well as a maternally-derived X, and since 
these animals possessed only 40 chromosomes, the Y cannot have been 
present and responsible for male development. The exceptional + male 
probably also belongs to this category; since his coat was pigmented, he 
must have received the XT  from his father, and, as he was a 39/40 chromo-
some mosaic, it is probable that he started life with an equivalent genotype 
to that of his c-variegated male sibs but lost the normal X from one proge-
nitor cell line early in embryonic development. A predominance of XTO 
melanocytes would account for the fully pigmented coat. 
A father-to-son inheritance of the X is again demonstrated in the follow-
ing generation by the appearance of Ta/+ males, i.e., XX males, and here 
the flecked translocation was not present. It would thus appear that some 
genic or chromosomal change has occurred which causes genetic females to 
develop as phenotypic males. This would account for the shortage of females. 
To facilitate the presentation of further data, the factor responsible for 
causing XX individuals to have a male phenotype will be called Sex-reversed, 
symbol Sxr. 
Inheritance of Sxr 
Tests on XY males. Table III presents the results of genetic tests on 33 XY 
male sibs of XX Sxr males. Ta. males were tested against +1+ females and 
+. males against Ta/Ta females. Both sets of females were of a hybrid 
(C3H x 101) background and thus were reasonably vigorous and fertile. 
If the production of exceptional Ta/+ sons and a shortage of daughters is 
taken as evidence that a tested male carries Sxr, it can be seen that Sxr and 
non-Sxr XY males were present in equal frequencies in the sample tested. 
A 1:1 ratio is the expectation if XY Sxr animals are Sxr heterozygotes. 
Three males could not be classified for Sxr because of infertility problems; 







Classification at three weeks 
Ta/+ 	Ta. or +. S& Ta/+ S& 39/XO 
Proven XY Sxr males 
1140 8.00 5:11 4 3 	 2 	- 
1142 7.11 22:62 19 40 17 - 
1150 8.25 7:26 6 18 	 5 	- 
Ta.3' 1151 8.50 4:13 3 6 6 - 
x 1152 9.33 7:21 7 8 	 6 	- 
+1+ 1154 10.00 3: 7 3 6 1 - 
1155 7.50 8:21 8 16 	 5 	- 
1216 7.67 6:17 6 13 4 - 
1217 8.67 5:21 5 14 	 6 	- 
1179 7.67 4:10 3 6 	 2 	- 
1182 8.33 10:15 7 5 1 - 
+. 1220 6.00 1: 	5 1 4 	 1 	- 
x 1235 7.50 4:11 3 7 3 - 
Ta/Ta 1237 9.00 9:18 9 9 	 7 	- 
1238 7.33 6:16 6 9 5 - 
15 7.89 101:274 90 164 	71 	- 
1:2.47 1:2.61 
Proven X 	non-Sxr males 
1166 	6.33 12: 7 10 6 	- 	- 
1149 	10.50 11:10 11 10 - - 
Ta. YY 	1157 	8.50 10: 7 10 7 	 - 	- 
x 	1213 	7.37 22:37 7 16 - - 
+1+ yy 	1214 	9.00 19: 8 19 8 	 - 	- 
1218 	6.50 14:12 11 11 - - 
1175 	8.13 28:36 28 35 	 - 	- 
1180 	8.50 8:9 8 9 - - 
1181 	7.00 10:11 8 8 	 - 	- 
+.cc3 	1219 	5.00 12:13 4 5 - - 
x 	1232 	5.25 10:11 10 11 	 - 	- 
Ta/Ta 	1233 	8.00 15: 9 13 9 - 1 
1234 	7.75 24:18 24 18 	 - 	- 
1236 	6.50 12:14 12 14 - - 
1239 	7.00 11:10 7 7 	 - 	- 
15 	7.25 218:212 182 174 	- 	1 
1:0.97 1:0.95 
Incompletely tested XY males 
+. S& 	1170 	- Sterile - 	- 
x 1221 	3.00' 2:1 2 1 	 - - 
Ta/Ta 	1222 	- Sterile 
Subsequently sterile. - 
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one produced only three offspring and thereafter became sterile despite 
several changes of females, and the other two proved to be completely 
sterile. Motile spermatozoa were present in the vas deferens of all three 
animals, but the majority of those of the completely sterile males were 
morphologically abnormal. Abnormal spermatozoa were also found in the 
vas of the initially fertile male, but it is doubtful if the frequency was signi-
ficantly higher than that found in normal fertile animals. In all three males, 
20 bivalents including an X and Y were seen at meiotic metaphase I, and 40 
chromosomes, including an apparently normal Y, could be seen in sperma-
togonial mitosis. There was thus no indication of any chromosomal change 
that could account for the sterility. The reproductive organs appeared 
normal. 
The XY Sxr males produced three classes of progeny, Ta/+ daughters, 
Ta. or +. sons (according to the cross), and the exceptional Ta/+ sons. The 
numbers observed did not differ significantly (x22 = 2.25) from the 1:2 :1 
ratio expected if the X and  and Sxr and its normal allele are segregating in-
dependently. There appeared to be a slight shortage of the exceptional 
Ta/+ male class, but this was not statistically different from the number 
that might be expected (x 2 = 0.32). 
It may be noted that there was no suggestion of reduced fertility in these 
crosses; the mean litter size at birth in the Sxr group was no lower than that 
in the non-Sxr group. There is thus no evidence that Sxr reduces the pre-
natal viability of either XX or XY males. Postnatal viability also appears to 
be unaffected; within the Sxr group, the sex ratio did not differ from the time 
of birth to the time of weaning (three weeks). 
It may be concluded from the data presented that Sxr is inherited in the 
manner of an autosomal gene which in the heterozygous condition causes 
XX individuals to develop as phenotypic males. It thus behaves as a sex-
limited dominant. 
An autosomal dominant inheritance of a factor that reverses the sex of 
XX animals could be explained on the basis of a Y-autosome translocation. 
Accordingly, the meiotic and mitotic chromosomes of XY Sxr males were 
studied for evidence of such a rearrangement, but none could be found. 
Thus, in meiotic metaphase I cells, 20 bivalents including an X and Y which 
were indistinguishable from normal were observed, and at pachytene there 
was no indication that any autosomal region tended to associate with the 
sex vesicle. Similarly, a study of bone-marrow chromosomes did not reveal 
any mitotic abnormality of the Y. Sxr is therefore not associated with any 
detectable chromosomal change. 
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Table IV. Tests on Ta, + female progeny of proven XV Sxr males in 
crosses with +. males. 
No. 	No. 	Litter size 	:-j 	Classification at three weeks 
tested fertile at birth at birth 	Ta;± 	+ + 	Ta.  
18 	17 	10.06 	266:237 	116 	124 	87 	115 
240 	 202 
Tests on XX/'males. if Sxr is completely dominant, it should not he in-
herited by and transmitted through females. To test this expectation, 18 
Ta!-r daughters of XY Sxr males were genetically tested by crossing them 
with --- . males and by determining the sex ratio among the progeny and the 
segregation of Ta. The results are shown in table IV. It can be seen that the 
breeding performance was typical of that of normal Ta/ - - females; exceptional 
Ta! males were not produced, and there was a slight but not significant 
shortage, rather than an excess, of males among the progeny (at birth, 
7 2 1 = 0.42: at three weeks, 2, = 1.63). The litter size was very high, as 
might be expected of females derived from the cross of the unrelated flecked 
and Ta stocks, and this probably contributed to the shortage of Ta males, 
which normally exhibit a reduced viability. One female proved to be sterile; 
on examination, she was found to possess normal female reproductive 
organs, but the cause of the sterility was not apparent. The data obtained 
from these tests thus provide little reason to suspect that XX S.vr animals can 
he phenotypically female. 
Tests on XX Sxr males. Twenty-four exceptional Ta/-!- males have been 
subjected to fertility tests. As had been found with the original exceptional 
c-variegated males, they copulated successfully with females but invariably 
proved to be sterile. All such Ta!-- animals observed have been normal 
males externally, and, of 20 dissected, none has had any macroscopic ab-
normality of the reproductive system, save for the constant feature of small 
testes. A study of the mitotic chromosomes in hone-marrow preparations 
indicated an apparently normal karyotype. The modal number was 40, the Y 
was not present. and no abnormality of any autosome could be detected. 
Histological sections of the testis revealed gross degenerative changes 
(fig. 1): The tubules were reduced in size, filled with an amorphous material 
that was often vacuolated, and only Sertoli cells were present along the 
basement membrane. Extensive Leydig cell hyperplasia was also evident. The 




Fie. I. Section of testis of an XX Sxr male. Reproduced at 160 
same features were present even in the immature animal (three weeks), 
though reduced in severity. Germ cells were never detected. 
In order to investigate the absence of germ cells from the XX S.vr male 
testis, sections of the gonads of the 16-day-old fetus, at birth, and of the 
2-, 5-, 6-, and 10-day-old animal were examined and compared with those 
of the equivalent XY sibs. Two animals, at minimum, of each genotype were 
examined at each period. The distinction between XX and XY males could 
be made at all times with the use of the Ta gene. Thus, at 16 days gestation, 
hair follicles are not visible in Ta. (or Ta/Ta) animals, whereas in Ta!-- ani-
mals they are. Between birth and six days of age, the secondary vibrissae 
number, reduced by Ta, is much lower in Ta. than in Ta/ - animals (DUN, 
1959 DUN and FRAZER, 1959), and by 10 days the phenotypic effects of Ta 
upon the coats of the heterozygote and hemizygote are as distinguishable as 
in the adult. The cross set up to produce Ta! H and Ta. males was that of 
non-Ta XY S.vr males with Ta/Ta females. 
The following observations were made: At 16 days prenatal development 
both Ta/H- and Ta. males possessed presumptive male germ cells. Large 
cells with a large spherical nucleus containing I or 2 nucleoli and with an 
obvious cytoplasmic membrane were found in the central region of the 
tubules (figs. 2 and 3). These were taken to be the pre-spermatogonia, 
gonocytes, or primordial germ cells as described by CLERMONT and PEREY 
(1957) and MINTZ (1960) in the immature rat and mouse, respectively. At 
birth, gonocytes were still present in the Ta. male, but these were reduced in 
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Fig. 2. Gonocytes in tubules of Ta. males at 16 days gestation. Reproduced at 1000 X. 
Fig. 3. Gonocytes in tubules of Ta, + males at 16 days gestation. Reproduced at 1000 X. 
Fig. 4. Division figures in Ta. males at birth. Reproduced at 1000 . 
Fig. 5. Necrotic gonocytes in Ta/+ males at birth. Reproduced at 1000 x. 
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Fig. 6. Gonial cells in To. males at 2 days. Reproduced at 1000 
Fig. 7. Gonial cells of Ta/ + males at 2 days. Reproduced at 1000 > 
Fig. 8. Spermatozoa recoered from the vas deferens of an XO male. 
Fig. 9. Section of testis of an XO Sxr male. Reproduced at 160 N. 
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number and some appeared to be degenerating. In addition, however, large 
division figures could be found in many tubules (fig. 4). By comparison, in the 
Ta, male at birth, most of the gonocytes appeared necrotic and degenera-
ting (fig. 5), but a few large division figures could be found. By two days of 
age, a new large gonocyte-like cell containing I or 2 nucleoli partly covered 
with chromatin was clearly in evidence in the tubules of the Ta. male (11g. 6). 
These were taken to be type A spermatogonia (CLERMONT and PEREY, 
1957: MINTz, 1960). A few such cells were also present in Ta males 
(fig. 7). and many division figures could he seen. At five to six days, inter-
mediate and probably type B sperniatogonia were observed in the Ta. male. 
They were also present but in greatly reduced numbers in the Ta/- male. 
By 10 days of age, however, spermatogonia appeared to be completely ab-
sent from the testis of the Ta - male, whereas meiosis was well under way 
in its Ta. counterpart. It may thus be concluded that, although the XX Sxr 
male produces germ cells destined to become spermatozoa, degeneration 
progressively occurs as they differentiate and divide to form spermatogonia. 
Of the few that survive to become spermatogonia, further differentiation 
appears restricted, and apparently none survives in the testis. 
Production 0/ XO males 
Mice with an XO sex-chromosome complement are phenotypically 
normal, fertile females (WELSHONS and RUSSELL 1959; CATTANACH. 1962: 
MORRIS, 1965). Thus, since Sxr causes male development in XX animals. 
i.e., in genetic females, it might be expected that XO S.vr animals should also 
he phenotypically male. To combine the XO and S.vr genotypes, Ta XO 
females were crossed with non-Ta XY Sxr males. Any offspring not ex-
hibiting Ta in the heterozygous or hemizygous condition should be chromo-
somally XO, and half of these should have inherited S.vr from the father. 
The results of this cross together with those of the equivalent cross with 
non-Svr males are presented in table V. It can he seen that, in the S.vr group, 
rntle as well as female non-Ta animals were produced, just as were male and 
female Ta 	animals. Thus, it is reasonable to conclude that the non-Ta 
males, like their Tai 	male sibs, must carry S.vr. i.e., Svr causes both XO 
and XX animals to develop as phenotypic males. 
XO females produce only one third as many XO daughters as expected 
(WELSI-loNs and RUSSELL, 1959: CAT1ANACI-I, 1962: MORRIS. 1965). The pro-
portion of XO animals obtained in the S.vr group was substantially above 
this figure, but since an excess over the normal level was also found in the 
non-Sxr group, there is no justification for concluding that Sxr is respon- 
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Table V. Production of XO males by the cross of +. Sxr males with Ta XO females. 
Genotype No. of Litter size 	 Classification at three weeks 
of male crosses at birth 	at birth +XO 	Ta/+ 	Ta. +XO 	Ta/+ ,33 _33




non-S.vr 6 	3.33 	53:28 16 	22 	26 	- 	- 
1:0,53 	 1:0.68 
XO:XX 	0.73:1 
sible. The development of the XO animal as a male, rather than as a female, 
does not therefore alleviate the shortage of the XO class. The near equal 
numbers of XO males and females produced in the Sxr cross support this 
conclusion. 
Tests on XO Sxr ma/es. All the eight XO males produced were externally 
normal phenotypic males. However, of the seven whose fertility has been 
tested, none proved to be fertile, though they copulated successfully with 
females. On dissection, all eight animals were found to have a fully normal 
reproductive system. Thus, in contrast to XX S.vr males, XO S.vr males 
possessed testes which were not greatly reduced in size, the tubules were 
distended, and in five of the eight animals sperm were present in the vas 
deferens. None of the sperm was motile, however. All were grossly abnormal 
in the head region, and the kinetoplasmic droplet was frequently missing 
(fig. 8). 
Cytological confirmation that the males were chroniosomally XO was 
obtained from the study of mitotic and nieiotic chromosomes. The modal 
chromosome number in spermatogonial and bone-marrow cells was 39, the 
Y could not be detected, and in meiotic metaphase I cells a univalent X was 
regularly observed. The single X could be seen to occupy the sex vesicle at 
late pachytene, and at no time was there any indication of an association 
between the X and an autosome. Cytological evidence of a Y-autosome 
translocation, therefore, was again lacking. 
Histological sections of the testes of two XO S.rr males were studied, and 
in both cases a normal morphology was found (fig. 9). Spermatogonia and 
first- and second-layer spermatocytes appeared normal, but many tubules 
containing spermatids in various stages of maturation also contained 
necrotic cells that appeared to have died during the meiotic divisions. As a 
consequence, the numbers of spermatids were greatly reduced. 
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Discussion 
The data clearly demonstrate that Sxr possesses most of the known 
functions of the Y. Thus, in both XX and XO animals it causes testis for-
mation and, hence, male development (JosT. 1955). and it also causes a 
male-type development of the germ cells. It is conceivable, however, that 
male development of the XX and XO germ cells could be only a secondary 
consequence of their being located in the testis, but this is unlikely to be so. 
MYSTKOWSKA and TARKOWSKI (1970) have reported the occurrence of two 
types of germ cells in the testis of 16-day XX/XY male mouse fetuses pro-
duced by egg fusion. One type was in the interphase stage of the male germ 
cell (pre-spermatogonium. gonocyte), and the other was at the stage of 
prophase that the oocyte would have reached in the ovary; it was proposed 
that the cells of this type were derived from the XX component of the fusion 
chimeric animals. By contrast, the germ cells of the XX S.vr 16-day fetus were 
indistinguishable from those of the XY male and, although there was loss 
from the time of birth onwards, some underwent divisions and differentiated 
into spermatogonia. Spermatogenesis, rather than oogenesis, obviously took 
place in the XO Sxr male. There is thus little doubt that Sxr directly causes 
genetically female germ cells to develop as though they were genetically male. 
The most obvious functions of the Y that S.vr appears to lack concern 
spermatogenesis in the XX male and the meiotic divisions and spermio-
genesis in the XO male. Other explanations for these abnormalities are 
possible, however. Thus, it is not unreasonable to suppose that the failure 
of the germ cells in the XX male is attributable to the presence of two X 
chromosomes (see also LYON, 1970a, b) rather than to an inadequacy in the 
functioning ofS.vr as a substitute for a normal Y. XXY mice lack germ cells 
as adults (CATTANACH. 1961a; RUSSELL and Cuu. 1961), but perhaps. like 
XX Sxr males, they possess germ cells during late fetal and early postnatal 
development. Similarly, the failure of many of the nieiotic divisions in the 
XO Sxr male and the abnormalities of their sperm may result from the 
meiotic disturbance created by the absence of the Y. Many autosome-
autosome translocations (CATTANACH, 1959; LYON and MEREDITH. 1966; 
CATTANACH et al., 1968), X-autosome translocations (LYON et al., 1964; 
RUSSELL, 1964), partial trisomies (LYON and MEREDITH, 1966: CATTANACH. 
1967), trisomies (CATTANACII 1964: GRIFFIN and BUNKER, 1964, 1967), and 
even the presence of an extra Y (CATTANA( - H and POLLARD. 1969) may cause 
a gradual or complete breakdown in male meiosis (though, notably, not in 
female meiosis), and sperm abnormalities have in many cases been asso- 
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dated. The spermatogenic failures of XO Sxr mice may therefore conceiv-
ably be related to the univalent condition of the X rather than to the 
absence of some genetic function normally carried out by the Y. An alter-
native interpretation is that they result from a positive effect of Sxr: similar 
sperniatogenic failures were found in XY males which in all probability 
carried S.v,. In either event, the possibility therefore exists that S.vr performs 
all the known functions of the Y in XX S.vi and XO Sxr mice. 
The known functions of the Y, as discussed above, comprise its sex-
determining and male-germ-cell-determining properties: they do not include 
any possible genetic influence of the Y upon the overall viability of the pre-
and postim plantation embryo. XO females produce only one third as many 
XO daughters as expected (WELSHONS and RUSSELL, 1959: CA1TANACH, 
1962; MORRIS, 1968): and the shortage has been accounted for, in part, by a 
preferential segregation of the single X to the egg, rather than to the polar 
bOdy(CATTANACI-I, 1962; MORRIS, 1968), and, in part, by an early loss of XO 
embryos (MORRIS, 1968). It is clear from the data presented in table V that 
XO Sxr males are not produced in any higher frequency than are XO 
females. Therefore, if the shortage of XO animals derives from embryonic 
mortality, it must be concluded that the Y fulfills some function in early 
embryonic development that is not achieved by S.vr; alternatively, if preferen-
tial segregation of the X is the cause of the shortage, a deficiency in the 
function of S.vr need not be postulated. Clearly this aspect of Svr function 
cannot be resolved until the role of the Y upon early embryonic viability is 
determined. 
The principal question raised by the occurrence of XX and XO male mice 
is the nature of the change that gave rise to S.vi. The genetic data clearly 
demonstrate an autosornal inheritance: hence, Svr could he the result of an 
autosomal gene mutation or, alternatively, a Y-autosome rearrangement in 
which a small male-determining region of the Y has been translocated to an 
autosome. The latter concept must initially be favored, since it does not 
require any re-evaluation of the importance of the Y in sex determination. 
It has been shown that S.vr may well possess all or most of the known 
functions of the Y. and a further measure of support for the existence of a 
Y-rearrangement is perhaps provided by the occarrence of sterile XY males 
in S.vr families. However, beyond this there is little, if any, support for the 
concept that S.vr results from a Y-autosonie translocation. There is the low 
fertility of the original Dp male and one of his XY S.vr sons. but in subse-
quent generations XY S.vr mice were found to be equally as fertile as their 
non-S.vr XY sibs. There is the production of a matroclinous XO female by 
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the Dp male and by another of his XY S.vr sons, but, again, this was not 
found to be characteristic of XY S.vr mice. Finally, there is the sterility of 
XX Sxr and XO Sxr males, but, as already indicated, this may be accounteJ 
for by other equally valid explanations. 
By contrast, there is a considerable amount of evidence which is at 
variance with the Y-rearrangement concept. Thus, no cytological evidence 
of'a Y-autosonie rearrangement could be obtained either in mitotic chromo-
some studies of XY Sxr, XX S.vr, or XO S.vr animals or in meiotic chromo-
some studies of XY S.vi' or XO S.vr animals. Although these findings do not 
eliminate the possibility that a small fragment of the Y is attached to an 
autosorne. the genetical data also provide difficulties for the Y-rearrangement 
concept, because they require that there be two separate male-determining 
systems in S.vr mice: To explain the data on the basis of a Y-autosome 
rearrangement it is necessary to accept that the male-determining region of the 
Y can be split into two parts and that each part, when isolated, retains a 
male-determining function (see fig. ID). This difficulty could be overcome if 
a chromatid, rather than a chromosome, exchange had occurred, for the 
original Dp male could then have carried a complete Y as well as the male-
determining region of a Y attached to an autosonie (see fig. lO). However. all 
Type of 	Chromosome 	 Chromatid 
exchange 	cI====== 	 .. 	- 
Dp 
o-—. 	,, o,-—. 	x'y 
- - - 
o- O --- .- 	 o- o-.---.- 
I o, ... 	 _________ 
Progeny O'"'" 	XTX S.. OW"" 	XX 5., 2 	____ ,,,, - of 
D 	 0 0- 	- XYn,n-., O .—'. 
o-- 0— 	 • 0' 	 O- 0— 	 0' 
o-- 
4 
O—.--'--- 	X y s 0— 	xv 
0 	— O.- 0*— 	 C 0' 
Fig. 10. Origin and inheritance of Sxr through the Dp male on the basis of a Y-auto- 
some chromosome and chromatid rearrangement. By the chromosome-exchange model. 
maleness must be conferred by both parts of the di ided Y (cf. 2 and 3). By the chromatid- 
exchange mode!, maleness is conferred by the segment of Y attached to an autosome 
(see 2) and by the complete Y (see 3). By the latter model XY S.vr males would carry the 
rearranged segment of Y as a duplication (see 4). Straight lines indicate autosornes: ay 
lines indicate X and Y chromosomes; block in XT  indicates linkage group I region in- 
serted into X. 
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the genetical and cytological data can be more readily explained on the 
basis that Sxr represents an autosomal dominant gene mutation that pos-
sesses most or all of the functions of the Y. This interpretation finds support 
in the fact, mentioned earlier, that similar genetic systems exist in several 
other mammalian species. That a Y-autosome translocation is responsible 
in each species seems remote, it is more probable that there is an autosomal 
gene, homologous with S.vr, in all mammalian species that in some way is 
concerned with, or can modify, sex determination. When the chromosome 
carrying Sxr is identified, more conclusive evidence on this point may be 
obtainable. 
A comparison with the inherited sex-reversed conditions in other mam-
malian species reveals that Sxr is by far the most effective. This is seen in 
two ways: First, Sxr exerts its effect in the heterozygous condition, i.e., it 
shows a sex-limited dominant inheritance, whereas in goats, pigs, and cattle 
a sex-limited recessive inheritance is indicated. Second, the sex reversal 
achieved by Sir is complete, i.e.. all XX Syr animals are phenotypically 
normal males, whereas in other species a range of phenotypes from near-
normal female to near-normal male are found. This may indicate a basic 
difference between Sxr and the sex-reversed conditions of the other species, 
but it also may only mean that the sex-determining system is more simple in 
the mouse. in this context, it should be noted that the XO and XXY con-
ditions in the mouse are phenotypically normal female and male, respectively, 
in sharp contrast to the situation found in man. 
The sex-reversed condition found in goats has been the most extensively 
studied (HAMERTON et al., 1969: SO1.LER et al., 1969) and allows further 
comparisons to be made with Sxr. In goats, the autosomally inherited sex-
reversed condition is caused by, or associated with, the gene for hornless-
ness, Polled. In addition, to its sex-reversing effect upon genetic females, 
Polled has also been found to have an effect upon genetic males. Thus. 
homozygous Foiled XY males may be sterile, the cause being a defect in the 
epididyniis. At present, it seems unlikely that Sxr (in the heterozygous con-
dition) may have such an effect. XY male sterility was found but could 
clearly be attributed to other causes. 
A comparison can also be made between the effects of Sxr and Polled 
upon the germ cells of XX animals. According to HAMLRTON et al. (1969), 
germ cells are present in the testes of sex-reversed XX goats at 126 days 
gestation but are absent at term. On the other hand, in a study of 19 goats 
with sexual disorders, BASRUR and KANAGAWA (1969) found that 2 out of 
the 14 that proved to be genetic females possessed meiotically active cells in 
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some of the seminiferous tubules of their testes. However, they indicated 
that the possibility could not be excluded that these animals were XX.XY 
chimeras. Several XXXY animals were found in these and also other studies 
(HAMERTON et al., 1969: SOLLER et al.. 1969). Despite the reservations held 
about these goat data, it is possible that the same situation will eventually 
be found in XX Sxr mice. Germ cells are present for some time after birth, 
although none have yet been found in adult animals. However, adult intersex 
females, heterozygous both for the X-linked gene lesticular feminization 
(LYON and HAWKES. 1970) and Sxr may show meiotic activity in a propor-
tion of the seminiferous tubules of their undescended testes (CATTANACH. 
LYON, and HAWKES, unpublished). This is being further investigated. 
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GENETICAL EFFECTS OF CAFFEINE IN MICE 
By 
BRUCE Al. CATTANACH 
(Received February 20, 1962) 
Introduction 
The importance of testing for possible mutagenic effects of substances that 
are used as preservatives or are constituents of human food has been stressed by 
HALDANE (1956). Tests of this kind are best made on mammals where the results 
may be more suitable for analogy with human populations. 
The present communication concerns tests of caffeine for its ability to induce 
translocations in mouse chromosomes. Caffeine (trimethyixanthine) was selected 
for test since it is an active constituent of tea, coffee, and cocoa and has been 
shown to have mutagenic properties in a variety of other organisms (KIRLmAN  
and LEvtx 1949; NOVIICK and SZTIARD 1951; GLASS and NOVTCK 1959; ANDREW 
1959). The results indicate that caffeine is only weakly mutagenic in mice, for 
only two possible translocations were detected. An effect upon the fertility of the 
treated animals was, however, observed. 
Methods and materials 
GOLDSTEIN (personal communication) has shown that C57/DBA mice will accept caffeine 
in their drinking water up to a concentration of 3 gms/litre and will maintain weight apparently 
indefinitely. He suggested that this dose would be the most suitable for genetic experiments. 
Preliminary tests with the strain of mice used in the present experiment were in agreement 
with this suggestion. 3 gins. caffeine per litre of drinking water was the highest dose that 
could be administered without noticeably affecting the health of the animals. 
Fourteen inbred (JIJ) males were therefore given 0.3% solutions of caffeine as their 
drinking water and this was renewed each week. Treatment was continued for three months 
to ensure that the earliest spermatogonia were subjected to the caffeine administration for 
some time. At the end of this period each male was placed with three virgin females from a 
randombred stock (Q) and left for six weeks. The females were examined each morning for 
vaginal plugs and those which had copulated were removed and replaced by new virgin 
females. 
The mated females were placed in separate cages and allowed to go to term when the litter-
sizes were scored. All the offspring were kept until three weeks old, at which time they were 
examined for morphological abnormalities, and the daughters then discarded. The sons were 
kept until at least six weeks old when they were tested for the possession of a translocation. 
Preliminary screening was done by fertility tests. Each male was placed with two virgin 
Q stock females and the litter sizes were scored at birth. Those males which had an average 
litter-size of less than eight among the litters of both females were suspected of being hetero-
zygous for a translocation. Such males were retested and 'a cytological examination of the 
testes was carried out if the litter size remained low. Two cytological' techniques were em-
ployed: firstly, preparations from one testis were made by the method of WELSU0NS et 
al. (1962) and secondly, if further analysis was required, preparations from the other 
testis were made by the method of SLIzYN5IU (AUERBACH and SLIzYN5IU 1956). The existence 
of nineteen instead of twenty separate elements seen in at least eight metaphase plates of the 
first meiotic division was the criterion used to indicate the presence of a translocation. 
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Results 
The Table illustrates the fertility of the caffeine-treated males mated to virgin 
Q stock females, and also the data on the first litters of the Q stock of the same 
generation which are here used as the control. The litter size of the treated series 
was lower than that of the control and the difference was significant at the 0.1 % 
level of probability (t (23 8 ) = 5.56). Of more value, however, was the fact that the 
litter size tended to increase with time after treatment until the sixth week, at 
which time it was close to the control level. A regression of individual litter size 
on day conceived after cessation of treatment of the fathers indicated that this 
trend was significant at the 2% probability level (t037) = 2.38). Although data 
on the incidence of zero litters in the control were not available, the number of 
sterile matings in the treated 
Table. The fertility of males treated for three months series seemed rather excessive. 
with a 0,3 % solution of caffeine as their drinking This predominantly occurred water 
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first three weeks. A z2 analysis 
for a trend was not significant 
(X) = 4.9) but there was a signi-
ficant difference between the 
incidence of zero litters in the 
first three weeks and thereafter 
(x) = 4.35). 
Breeding tests were carried 
out on 201 F. sons, all conceived 
in the first two weeks after the 
end of treatment of the fathers. Of these, only 13 males produced litters with 
an average size lower than eight, and only one of the thirteen had an average 
of less than five offspring per litter. Cytological analyses of all 13 animals were 
carried out and 11 were considered to be quite normal, i.e. no indication of a 
translocation was observed in over 40 cells scored. Two males, however, showed 
cytologically abnormal pictures, but in neither case was there an association of 
four chromosomes, or nineteen instead of twenty separate elements. The somewhat 
unusual chromosome pictures in these cases may be due to some other types of 
rearrangement, and Dr. SLIzYNsKI of the department is undertaking further ana-
lysis of both males and their offspring. 
No morphologically abnormal animals were observed in either the F 1 or F2 
generations. 
Discussion 
201 sons of caffeine treated males were tested for the possession of trans-
locations. All were conceived within two weeks of the end of treatment of the 
fathers, and thus were derived from germ cells that had received the maximum 
amount of treatment, i.e., both as pre-and post-meiotic germ cell types. It was 
found that not one of the 201 F. animals possessed a translocation of the type 
searched for, i.e. one reducing fertility by about 50% and cytologically detectable 
as an association of four chromosomes at meiosis. Two animals had slightly reduced 
fertility (average litter sizes 6.7 and 7.3) and appeared to have some chromosomal 
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1-7 34 232 6.82±0.58 10 22.72 
8-14 32 238 7.44±0.52 5 13.51 
15-21 21 142 6.16±0.83 10 32.15 
22-28 23 199 8.65 ±0.54 3 11.54 
29-35 20 150 7.50±0.67 1 4.76 
36-60 13 121 9.30±1.04 2 1.33 
Total 143 1082 7.57 ±0.27 31 17.82 
Control 97 949 9.78 ±0.27 - - 
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many more rearrangements of this type might have occurred, but remained 
undetected since it is only by chance that the two abnormal animals were picked 
up, many of their individual litters being well above the set standard. If this were 
the case, however, it would be surprising if translocations that markedly affect 
fertility were not also produced, unless it were postulated that caffeine tends to 
induce rearrangements of a particular type. While a tendency for certain chromo-
some regions to be affected more readily than others by certain chemical mutagens 
is known in Drosophila (FARMY and FMmiY 1956, BELITZ 1957) it is most unlikely 
that this could account for the complete lack of translocations that produce 
semi-sterility in the present experiment. Since the tested animals represent 
treated post-meiotic as well as pre-meiotic germ cells, germinal selection cannot 
account for the absence of translocations. These data therefore indicate that a 
0.3% caffeine solution, administered orally to male mice, is at most only weakly 
mutagenie. 
Contrary to the essentially negative results of the translocation tests, a true 
reduction in fertility of the treated animals was detected. The reduced fertility 
was deduced from two observations: litter size was lower than in the controls, 
and it increased with time after cessation of treatment. The first observation in 
itself is not sufficient proof that caffeine treatment lowered fertility. For two 
reasons the data from the Q stock do not provide an accurate control: First, the 
males employed in the treated series were from a different and inbred stock. Second, 
the control data were collected from one generation of 30 matings (2 9 9: 1 & per 
mating) producing litters at approximately the same time, while in the treated 
series 14 males were mated frequently to numerous females to produce litters over 
a six-week period. The reduced litter size might therefore be due to the fact 
that the inbred males used in the experiment either had a lower fertility than 
Q stock males, or that the frequent mating tended to make them less fertile. 
Yet these factors are hardly likely to account for a reduction of approximately 
two young per litter, for FALCONER (1960) has estimated that the variation 
between litters attributable to the male is small (of the order of 10%) compared 
with the influence of the female parent and the litter itself. Furthermore, the 
fact that the litter size tended to rise to the control level invalidates the idea that 
frequent mating is the cause of the lower fertility. 
More valid evidence for a caffeine-effect on male fertility is provided by the 
increase in fertility with time after treatment. This is seen as an increase in litter 
size of fertile females and as a decreasing incidence of sterile matings. If zero 
litters were included in the calculations of litter size, the reduction in fertility and 
the trend towards full fertility would be much more obvious. 
A rise in fertility with time after treatment might simply be due to the fact 
that the females producing the late litters were on the average older than those 
producing the early ones. Since, however, FALCONER (unpublished) has shown 
that the number of young in first litters does not depend on the age of the dam, 
this explanation appears unlikely. A much more plausible explanation of the 
observed change in fertility is the different type of treatment received by spermato-
zoa used for the early and late litters: while the first had been exposed to caffeine 
in all stages of spermatogeneis, the latter had been treated only as immature germ 
cells. If OARBERG's (1956) timing of spermatogenesis in the mouse is valid also 
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for caffeine-treated males, spermatozoa used 5-6 weeks after treatment—when 
litter size. had returned to the control level—would have been exposed only as 
spermatogonia, from which dominant lethals cannot usually be recovered after 
any type of treatment. 
A genetic base of infertility agrees with the results obtained with caffeine in 
a variety of other organisms. Thus caffeine induced back-mutation to phage-
resistance in Escherichia coli (NovIcK and SZILABD 1951; GLASS and NOVIOK 
1959), it increased the frequency of biochemical mutants in Ophiostoma multian-
nulatum (FRIES and KIHLMAN 1948), and it produced chromosome breakage in 
Vicia root-tip cells (KIHLMAN and LEvAN 1949). In addition caffeine has been 
found to be weakly mutagenic in Drosophila where an indication of greater sensi-
tivity of post-meiotic as compared with pre-meiotic germ cells was noted (ANDREW 
1959). On the other hand LYON ci al. (1962) obtained no evidence for genetical 
effects of caffeine on male germ cells of the mouse. No visible mutations occurred 
in, a large scale test of treated spermatogonia. More important for the present 
discussion is the negative result of tests for dominant lethals, carried out on post-
meiotically treated spermatozoa. Different doses were used in these tests, most 
of them lower than that used in the present experiment. Since at higher doses the 
frequency of dead implants showed a tendency to increase, the discrepancy between 
these findings and the results reported here may be more apparent than real. 
A more weighty argument against attributing the decreased fertility in the 
present experiment to dominant lethals arises from the fact that in this same 
experiment translocations—at least of the usual type—were not produced. 
Triethylenemelamine. (TEM), which does reduce fertility by inducing dominant 
lethals, produced 4.5% translocations in experiments in which fertility was 
depressed to about the same extent as in the caffeine experiment (CATTANACH 
1959). Without ad hoc assumptions, such as the production of breaks without 
rejoining ability, it is indeed difficult to see how a chemical that produces domi-
nant lethality through chromosome breakage should fail to produce at least some 
viable rearrangements. 
It may therefore be useful to look for alternative explanations of the caffeine-
induced reduction in fertility. Possible causes are suggested by its demonstrated 
effects on the nuclei of other species. In bacteria caffeine increases .the timelag 
between mitotic cell divisions (WITKIN 1958; LIEB 1961). If it had a similar 
effect on mouse meiosis, the reduction in litter size could be the consequence of 
oligospermia. STIEvE's (1928) finding that testicular damage with agglutinated 
sperm and reduced germinal epithelium may be induced in rabbits by caffeine-
treatment provides support for this hypothesis. In Vicia caffeine causes chromo-
some stickiness and anaphase lagging (KrHLMAN and LEVAN 1949). If this 
occurred in the meiotic divisions of the treated mice, or in the early cleavage 
divisions of eggs fertilised by treated spermatozoa, it might lead to non-disjunction 
followed by lethal aneuploidy. An experiment to test if caffeine increases the 
frequency of non-disjunction of the sex-chromosomes of the mouse is now in 
progress. - 
The reduction of fertility may thus be attributed to any of several mechanisms 
and the present data do not distinguish between them. An attempt to do so by 
a more thorough analysis has been started. - 
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OF MALE AND FEMALE MICE 
By 
BRUCE M. CATTANACH* 
(Received June 22, 1962) 
Introduction 
A considerable amount of literature has been published on the effect of nicotine, 
tobacco infusions, and tobacco smoke on the reproductive performance of a 
variety of laboratory animals and a comprehensive review of this material is 
included in a book by LARSON, HG and SILVETTE (1961). Many of the data 
are contradictory and most of the experiments do not allow any genetical effects 
of the treatments to be distinguished, but the work of TR1ENES et al. (1946) on 
rats does suggest that at least part of the action of nicotine in its effect on fertility 
and reproduction is genetical in nature. 
The present experiment was designed to test if treatment with nicotine 
affected the fertility of mice, and if such an effect had a genetical basis. It has 
been shown that the sterility immediately induced by X-rays and other mutagens 
in male mice is due to zygotic deaths (BATEMAN 1958; CATTANACH and EDWARDS 
1958) which are presumably caused by chromosome breakage. These mutations, 
termed dominant lethals, are seen as deciduomata, i.e. implantation sites of 
embryos that had died either shortly before or shortly after implantation. There-
fore an increase in the number of deciduomata is attributed to the mutagenic 
treatment. Dominant lethals may kill embryos at yet an earlier stage of deve-
lopment and these may be detected by an increase in the difference between the 
number of implantations and the number of corpora lutea (indicating the number 
of eggs shed). This is a less reliable measure of dominant lethality, however, for 
the effect may be attributable to other causes such as a reduction in the number 
of eggs fertilised by the treated spermatozoa - a result which also must lead 
to a reduction in fertility. Both tests were applied in a search for nicotine-
induced sterility. 
Methods and Materials 
The principal experiment concerned the test of the effect of nicotine on the fertility of 
male mice, but small-scale tests were also carried out on both non-pregnant and pregnant 
female mice. Treatment in all tests was by subcutaneous injections of a solution of 0.5 mg 
nicotine per ml of water. An ether anaesthetic was initially given to faci1ittte ease of injection 
but it was later found that anaesthetisation reduced the likelihood of the treated animals 
suffering from convulsions. Pre-anaesthetisation was therefore continued throughout the 
course of treatment and with this procedure it was found that the maximum single dose 
that could be administered without causing death was 0.2 mg (6.7 mg/kg). Fourteen males 
were therefore subjected to daily treatment of this kind over a period of six weeks and a 
control series of six males was run at the same time with identical treatment except that 
saline was injected. 
* Member M. R. C. Scientific Staff. 
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The method of testing the effect of nicotine on male fertility was to mate the males to 
a series of females throughout the period of treatment and score the number of living embryos, 
deciduomata, and corpora lutea in each female at 15 days' gestation. Only two females were 
kept with each male at a time; these were checked each morning for the possession of vaginal 
plugs (taken as evidence of mating) and those which had mated were removed and replaced 
by fresh females. 
An effect of treatment of females is more difficult to interpret for it may be due to a variety 
of causes, not least to the direct effect of the treatment on the female herself. A small-scale 
test on the effect of nicotine-treatment on the fertility of female mice was, however, under-
taken to see if there was any indication that at least part of the reduced fertility induced 
in rats by nicotine (THIENES et al. 1946) was due to treatment of females. 
The dose of nicotine employed was the same as in the male series of tests (0.2 mg) but 
pre-anaesthetisation was not given since a comparatively large number of animals had to 
be injected at a time. Five different procedures were adopted to test the effects of nicotine 
on the fertility of females; a) females were given seven daily injections then mated soon after 
the end of treatment, or from 10 days later, or from 34 days later; b) females that had been 
mated were given 5 daily injections, the first given on the morning on which the vaginal 
plug was discovered; c) females that had mated 5 days previously were given 4 daily injec-
tions; d) females that had mated 7 days previously were given 5 daily injections, and e) females 
that had mated 11 days previously were given 5 daily injections. All females were killed on 
the sixteenth day of gestation and scored for numbers of embryos, deciduomata and corpora 
lutea as before. It was hoped that the results of treatment a) would indicate if nicotine had a 
mutagenic effect upon oocytes and if oocytes of different ages responded to different extents, 
and that the other tests would indicate if nicotine affected fertility by disturbing the develop-
ment of the embryos, either directly or via the mother, and if they were more affected at 
one stage of gestation than at another. 
In all experiments a random bred stock of mice (Q) maintained by Dr. D. S. FALCONER 
of this department, was employed and all .the results were based on females' first litters. 
Results 
Table 1 presents the data on the fertility of the nicotine-treated and the 
control series of males. It can be seen that the treatment did not produce any 
marked effect. The number of living embryo did not decrease and the number 
of deciduomata did not increase with time (dose) in the treated series, and the 
overall number of embryos was not significantly lower (t (,,,,= 0.208) and the 
overall number of deciduomata was not significantly higher (1 (545) = 0.137) than 
in the controls. In addition, the implantation/corpora lutea difference was not 
markedly higher than in the control series. It can be concluded therefore that 
nicotine at the dosage given and with a six-week period of treatment has no 
detectable mutagenic effect on male mouse germ cells. 
The small-scale test on the fertility of nicotine-treated females indicated that 
nicotine could not be very effective in producing dominant lethals in oocytes 
either (Table 2). Mortality was high, partly because no anaesthetic was given 
prior to treatment; yet the number of deciduomata, as determined at various 
intervals after the cessation of treatment, was well within the normal range. It 
is possible that the treatment may have been responsible for the three sterile 
matings in the group mated immediately after treatment, but it is unlikely that 
this could be a genetic effect since the litter sizes of the fertile females were not 
markedly affected. 
The other principal way in which nicotine could have influenced the fertility 
in some of the rat experiments of TIIIENES et al. (1946) was by an effect on 
pregnant females. When experiments to test this in mice were carried out a 
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Table 1. The effect of daily sub-cutaneous injections of 0.2 my nicotine on the fertility of male mice 
The calculations are based on fertile matings only 
Treated Control 













embryos dcci- duomata 




embryos deci- duomata 
Cor- 
per per lutea per per lutca per per 
1 26 26 10.12 0.92 13.04 20 19 11.47 0.68 13.32 
±0.59 +0.50 
2 24 24 9.79 0.67 11.89 23 23 10.35 0.87 12.17 
±0.64 +0.37 
3 20 18 10.17 1.00 12.39 20 20 10.65 0.75 12.25 
4-0.58 ± 0.34 
4 30 28 10.00 0.57 12.46 23 22 10.23 0.64 12.18 
±0.66 +0.54 
5 23 21 10.57 0.81 12.43 19 18 9.28 0.89 12.33 
±0.53 ±0.72 
6 18 16 9.25 1.19 12.94. 13 12 9.17 1.17 12.83 
+0.64  ±0.84  
Total 141 1 	133 10.00 0.83 12.51 118 114 10.27 0.81 12.47 
1-6 ±0.25 ±0.11 
1 1 
±0.23 +0.08 
Table 2. The effect of 7 daily injections of 0.2 my nicotine on the fertility of female mice 
The calculations are based on fertile matings only 
Days on which I Mean No. Mean No. Mean No. No. No. mated after 	I No. 	i No. embryos 1 dcci- Corpora treated aurvivers end of I mated pregnant per duomata lutea treatment per per 
1-4 6 3 12.00 1.33 14.00 
30 18 	
{ 
10-12 6 6 10.50 1.33 13.00 
34-40 6 5* 12.60 0.20 14.60 
Total 18 1-40 18 14 11.57 0.93 13.79 
Control - - 38 34 10.15 1.53 12.82 
* One female had not copulated by the 64th day and was discarded 
Table 3. The effect of 4 or S daily injections of 0.2 my nicotine on the developing embryos 
Days on which No. No. No. Mean No. I 	Mean No. Mean No. injected injected survivers pregnant embryos 	I decithiomata Corpora hitea after mating per per 9 per 
1-5 12 12 11 11.18 0.91 13.10 
5-8 12 11 11 11.45 0.63 12.73 
7-11 12 12 10 11.60 0.80 14.10 
11-15 12 8 9* 11.75 1.00 12.25 
Control - 38 34 10.15 1.53 12.82 
* One female that died on the last day of injection was scored on that day. 
negative result was once again obtained (Table 3). Short-term treatment with 
4 or 5 daily doses of nicotine did not detectably affect the development of embryos 
at any pre-natal stage, for no increase in the number of deciduomata was observed, 
nor were there signs of any embryos having died at a late stage in embryonic 
23* 
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development. An interesting feature of these experiments was that pregnant 
mice, at least when in the early stages of pregnancy, appeared to be more resistant 
than males and non-pregnant females to the toxic effects of nicotine. 
Discussion 
The experimental results gave no indication whatever of a nicotine-induced 
reduction in fertility of male mice as judged by litter size, numbers of deciduomata, 
or pre-implantation losses. With the absence of an increase in the frequency of 
deciduomata it can be concluded that nicotine does not induce a detectable 
number of dominant lethals in male mouse germ cells and hence is ineffective at 
breaking mouse chromosomes. It is still possible, however, that nicotine may 
cause gene mutations, but this can only be tested in large scale experiments. 
Short-term treatment of female mice provided no evidence that nicotine 
impairs female fertility either, and no deleterious effects of nicotine on the 
developing embryo were found. Together with the data on treated males, the 
results do not provide any evidence that nicotine effects the reproductive per-
formance of mice. 
This conclusion is in contrast with the results of some previous experiments 
in which deleterious effects of nicotine on germ cells have been found, but negative 
responses have also been obtained by many workers (see LARSON et al. 1961). 
One possible reason for the variability so commonly found with this type of 
experiment is a species difference in response to a chemical. STADTLANDER 
(1956) found no evidence of gross or microscopic changes in the testes of nicotine-
treated mice, while such changes have been found sometimes in the rat, and more 
consistently in the rabbit and guinea pig (see LARSON et al. 1961). It is also 
possible that there is a strain difference since variable conclusions have been 
derived from experiments in which animals of the same species have been used, 
e.g. in the rat (ESSENBERG et al. 1951; GRUMBRECHT and L0E5ER 1941; HOTOVY 
1948; TnuNEs et al. 1942), and in the mouse (NIcE 1912; WILSON 1942). 
A further factor that may conceivably contribute to the variability of the 
results is the length of treatment. This may apply particularly to the present 
experiments in which males were treated for only six weeks and females for only 
a few days. However, if longer treatment should have resulted in sterility, as 
in the experiments of ESSENBERG et al. 1951, this would hardly alter the genetical 
conclusions for prolonged treatment would presumably act by germ cell destruc-
tion rather than chromosome breakage. This is borne out by histological studies 
of the gonads of. treated animals (see LARSON et al. 1961) where prolonged treat-
ment led to interruption of spermatogenesis, and degenerative changes in the ovary. 
Two interesting non-genetical observations were made in these experiments. 
The first was that the toxic effect of nicotine could be modified by pre-an-
aesthetisation with ether. This effect has been found in several laboratory animals, 
particularly in mice, where the LD 50 could be raised by several hundred per cent 
if central nervous system depressants were administered before nicotine-treatment 
(see LARsON et al. 1961). The other observation was that pregnant mice appeared 
to be less sensitive to the toxic effects of nicotine. The cause may lie in the 
change in the hormone levels of pregnant animals for it is known that luteo-
hormone has an antidotal effect on nicotine toxicity (YUN and LEE 1935). 
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Summary 
Nicotine, administered by sub-cutaneous injection over a period of six weeks, 
was found to be ineffective in breaking male mouse chromosomes as judged by 
dominant lethal tests. In addition, no indication of an effect of nicotine on the 
fertility of female mice, or on the development of the foetus in utero, was found. 
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SUMMARY 
Using the specific locus method, the ability of the chemical triethylenemelamine 
to induce gene mutations in mouse spermatogonial cells was tested and confirmed. 
INTRODUCTION 
Mutation studies on mice are, at the moment, the best available means for 
assessing the genetical damage to man from ionizing radiations or mutagenic chem-
icals. A vast amount of work has been carried out with ionizing radiations (see reviews 
by RUSSELL20 ' 21), but although many mutagenic chemicals are known (see review by 
AUERBACH'), these have been studied very little in mice. Investigations of this kind 
are essential, since it cannot be assumed that substances which are proven mutagens 
in Drosophila or in microorganisms will have the same ability in the different phys-
iological environment of the mammalian cell. Almost all mammalian chemical muta-
tion work has been carried out in the mouse, and the experiments have concentrated 
on the classes of mutation that are the most readily detectable, those involving chro-
mosome changes. Thus, dominant lethal mutations and/or translocations have been 
detected in the offspring of male mice treated with nitrogen mustard 2 "°", diepoxy-
butane 10,  triethylenemelamine 3,6,7,10,11  and methyl methanesulphonate ', and in the 
offspring of male rats treated with methyl methanesuiphonate and ethyl methane-
sulphonate 16 . Similar tests gave negative results with caffeine 8 ' 10, nicotine 11 , and chlo-
roethyl methanesuiphonate 10 
The fact that chemicals can break mouse chromosomes makes it seem likely 
that they should be able to induce gene mutations, the class of mutation that repre-
sents the greatest genetical hazard to man. However, very few investigations into the 
induction of gene mutations by chemicals have been made, primarily because the 
rarity with which this type of change can be detected necessitates that the scale of 
the experiments be large—too large to be handled by laboratories that do not speci-
alize in this type of work—and up till now these laboratories have concentrated al-
most exclusively upon irradiation studies. Only one chemical, caffeine, has been tested 
* Permanent address: Institute of Animal Genetics, Edinburgh (Great Britain). 
Abbreviation: TEM, triethylenemelamine. 
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with an established technique, and here an increase in the mutation frequency over 
that of the control could not be detected 14 The only evidence which indicates that 
chemicals may in fact be able to induce gene mutations is that of STRONG 22-27  working 
with methylcholanthrene, and CARR 5 working with I: 2 ,5: 6-dibenzanthracene. Both 
workers found a large number of variants in stocks of mice treated with the chemicals, 
and many were inherited. These observations are difficult to evaluate, however, be-
cause the variants included known coat-color mutations and physiological changes, 
and it could not always be established that the changes were induced by the treat-
ments. A single mutation was also recovered from AUERBACII AND FALCONER'S 2 ex-
periments with nitrogen mustard, but here again it is possible that this was of spon-
taneous origin. Up until the present time, therefore, convincing evidence that chemi 
cals may induce gene mutations in mammalian germ cells is lacking. 
The present communication reports an experiment, carried out at the Biology 
Division, Oak Ridge National Laboratory, which was designed to ascertain whether 
gene mutations (or small deficiencies) could be induced in mouse spermatogonial cells 
by a chemical mutagen The chemical, triethylenemelamine (TEM), was selected for 
test because it is a proven mutagen in Drosophila 4 ' 12 , and is also highly effective as a 
mutagen in breaking chromosomes in mouse germ cells. 
METHODS AND MATERIALS 
The search for TEM-induced gene mutations was carried - out using the specific 
locus method which is standardly employed in irradiation studies". Treated hybrid 
(101 x C311) males were placed with females homozygous for seven recessive genes, 
and the F 1 offspring, conceived 6 weeks after treatment and thereafter (when the 
spermatozoa being utilized were derived from germ cells that had been spermatogonia 
at the time of treatment), were scored for mutations at the seven selected loci. Note 
was also taken of the offspring conceived prior to this time. The scale of the experi-
ments did not justify running a control, but the experiments were carried out in 
RUSSELL'S laboratory of the Biology Division, using mice kindly provided by him. 
The control for RUSSELL'S irradiation experiments therefore served as a satisfactory 
control for the chemical mutation studies. 
The influence of the chemical upon the fertility of the males was followed from 
the time of treatment until a constant level of fertility was established. In the first 
three series of experiments this was assessed by the litter size at birth and by the 
percentage of sterile matings. The latter was determined by checking the females each 
morning for vaginal plugs (taken as evidence of mating) and observing the proportion 
of matings that did not result in the production of a litter. In a fourth experiment 
- only the litter size was noted. As the expected period of aspermia" approached a few 
freshly-mated females were sacrificed each day and their uterine contents examined 
for spermatozoa. This procedure was also carried out every few days throughout the 
sterile period. Fresh females immediately replaced those that had been removed. 
As in previous TEM experiments, the chemical was administered by intraperi-
toneal injection and the doses were adjusted according to the weights of the animals. 
In all, 4  series of experiments were run, and between 110 and 16o male mice were 
used in each. 
In only one respect did the experimental technique differ from that of RUSSELL; 
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the majority of the hybrid males were i year old, rather than 3 -4 months old, at the 
time of treatment. All the males of the first two experiments, and half those of the 
third, were of this age, younger animals not being available at this time. There was 
no reason to suppose that age would influence the results of the experiments since 
age has no effect in the induction of gene mutations by irradiation (RUSSELL, personal 
communication). Since the results of the first experiments suggested that there might 
be an age effect for chemical mutagens, only younger males were used in the final 
experiment. 
Choice of dose 
The selection of an appropriate dose was based upon the results of previous 
studies with TEM. The dose of 4.0 mg TEM per kg body weight, administered in two 
treatments of 2.0 mg/kg, 24 h apart (2 X 2.0 mg/kg), was considered to be suitable 
since it is the only treatment that has been found to cause a sterile period compa-
rable to that induced by X-rays", this being due to spermatogonial killing. However, 
since RUSSELL' ° has shown that the X-ray-induced mutation frequency drops when 
excessively high doses are used, it was considered advisable to employ a somewhat 
lower dose also. Two experiments were therefore started, one using the 2 X 2.0 mg/kg, 
and the other the '.0 mg/kg dose. When it appeared that both treatments were more 
severe than anticipated, a third experiment using a 0.5 mg/kg dose was initiated. 
Subsequently it was found that age was the factor responsible for excessive effects 
of the first two treatments; the 2 X 2.0 mg/kg experiment was then repeated using 
males of the standard experimental age. 
RESULTS 
Toxicity, and effect on fertility 
At variance with the report that the dose of 2 x 2.0 mg/kg does not influence 
the health of the animals" was the finding in the present experiments that this treat-
ment killed a significant proportion of the animals. This was so, both in the series 
using the young and in that using the old animals, but the effect was considerably 
more pronounced in the older group. Fortunately the health of the animals in the 
two lower dose groups was not detectably reduced, and no deaths occurred. 
The effects of the treatments on the fertility of the males is shown in Fig. i. 
The 2 X 2.0 mg/kg dose induced complete sterility in both old and young animals, 
and this lasted for several weeks. In thei.o mg /kg group two distinct sterile periods 
could be distinguished: the first occurred between days 4  and 16 and from previous 
studies" was known to he due to dominant lethality; the second commenced on day 
42 and was the result of aspermia. Approximatelyhalf the matings that took place 
between the two periods were infertile, but the litter-size of those that were fertile 
was not greatly reduced. A similar fertility pattern occurred in the 0.5 mg/kg series, 
but it should be noted that the incidence of sterility was higher among the old animals 
than among the yDg un. 
Table I presents the data on the recovery from the second sterile period. It can 
be seen that the 2 x 2.0 mg/kg treatment of old males resulted in a prolonged period 
of sterility. The median time for the return to fertility was day ioi, but the range 
was very high; 84 days elapsed between the first and last male regaining his fertility, 
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Fig. I. The incidence of sterile matings occurring in the iz-week period following the treatment 
of I-year-old and 3-4-month-old male mice with doses of 2 x 2.0, I.o, and 0.5 mg TEM per kg 
body wt. 
TABLE I 
THE TIME OF RECOVERY FROM THE SECOND STERILE (ASPERMIC) PERIOD INDUCED BY TEM 
Dose 	 Age of males 	Median day of 	 Range 
(mg TEM per kg 	at time of return to 
body wt.) 	 treatment 	 fertility 
2 )< 2.0 i year 101 	 83-16'/ 







65 	 54-8. 
0.5 1 year (24% fertile matings, days 42-52) - 
3. 4 IBOhiths 
	
(% fertile matings, days 42-52) - 
and moreover, two males remained permanently sterile. The same treatment of thc 
younger group caused a much less drastic effect. Here, the median time for the return 
to fertility was day 68, and the range was comparatively small. In the 1.0 mg/kg 
group, where all the males were i year old, the median time was day 65 and the range 
again tended to be large. These data clearly indicate that age is a principal factor in 
enhancing the sterilizing effects of TEM; i.e., in older animals the resumption of 
sperm production takes much longer. This conclusion was confirmed by the results 
of the 0.5 mg/kg experiment. Here, both old and young males were treated at the 
same time with the same sample of TEM, and although a sterile period did not occur, 
a high incidence of sterility prevailed in the 42-52 day period. During this time only 
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24% of the matings with the old males were fertile in comparison with 75% with the 
young males. 
Specific locus mutations 
The results of the mutation experiments are presented in Table II. Six mutants 
were recovered from treated spermatogonia, and one was recovered from a treated 
primary spermatocyte. One of the spermatogonial mutations, and also the single sper-
matocyte mutation could not be genetically tested, and therefore can only be included 
in the calculations of the mutation frequency with some reservation. 
TABLE II 
SPECIFIC LOCUS MUTATIONS INDUCED BY TEM 
Dose Age of Germ cell Number of Number of Mutation 
(mg TEM per kg males at stage mutants F1 scored frequency 
body WI.) time of tested recovered per locus 
treatment per gamete 
• X 2.0 I year spermatogonia 4B 5360 io.66 	io- 
2 x 2.0 3-4 months spermatogonia 1 5784 
1.0 i year spermatogonia I 6496 - 
spermatoCytes 0 264 
0.5 i year and Spermatogonia 0 	- 5427 
3-4 months spermatocytes 18 667 - 
a One untested 
If all mutations are included, the overall mutation frequency induced by TEM 
in mouse spermatogonia and spermatocytes is 4.17 i - per locus per gamete. In 
sperrnatogonia alone the frequency is 3.72 io -5 and, if the untested mutation is 
excluded, it is 3.10 io -5 . All the three frequencies are significantly higher than the 
spontaneous rate 19 of 0.75 io-' (P = o.008, 0.003, and 0.01, respectively, for a one-
tailed test). The results of the 2 X 2.0 mg/kg (old males) experiment provides the most 
impressive evidence of the ability of TEM to induce specific locus mutations; the 
mutation frequency was 8.00 io' (upper and lower 95%  confidence limits 23.37 and 
1.65, respectively), or io.66 b -5 (upper and lower 5%  confidence limits 27.29 and 
2.91, respectively) if the untested mutant is included. Fewer mutations were obtained 
from lower doses of TEM applied to males of the same age, and this might be consid-
ered evidence for a correlation between dose and mutation frequency. For a quantita-
tive comparison of the treatments, however, these data are not large enough, and 
pooling of the data from different age groups seems hazardous since an age effect on 
mutation cannot be excluded. 
Each of the !ive genetically tested mutations proved to be allelic with one of the 
seven tester geri. The distribution of the mutations among the seven loci is shown 
in Table III, and RUSSELL 'S 20  X- and .'-irradiation data on spermatogonia are pre-
sented for comparison. It can be seen that the distribution of the TEM mutations, 
although small, appears different from the X- and y-ray distributions, because two 
of the extremely rare a mutations and none of the frequently-occurring s mutations 
were recovered. - 
All three d mutations proved to be opisthotonic lethals in the homozygous 
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TABLE III 
DISTRIBUTION OF MUTATIONS AMONG THE SEVEN TESTED LOCI 
Treatment 	 Locus 
a 	b 	c 	p 	d 	dse 	se. 	s 
TEM 	 2a 	o 	o 	2b 	3 	o 	o 
X- or yraySc 	 5 45 27 38 42 1 3 	108 
a One untested. 
b One (untested) induced in spermatocyte. 
C Spermatogonial mutation data of RUSSELL2° 
condition. The single tested a mutation was likewise homozygous lethal, but the p 
mutation was homozygous viable. 
Other variant Characters appeared among the F 1 animals, but none proved t& 
be inherited. 
DISCUSSION 
The results of the experiments clearly establish that the chemical mutage 
TEM is capable of inducing gene mutations (or small deficiencies) in mouse sperma-
togonia. The mutation frequency over all experiments is significantly higher than the 
spontaneous frequency, but quantitative assessment of the data is difficult because 
an age effect on mutation frequency seems at least possible. A clear age effect has been 
shown to operate for the time of recovery from the induced sterile (aspermic) period. 
In previous studies with TEM it was found that the return to fertility following 
the dose of 2 X 2.0 mg/kg occurred around the 62nd day. This contrasts with the 
results in the present experiments, where the ioxst day was the median time for the 
recovery of fertility of i-year-old males treated with the same TEM dose. Since the 
two experiments were carried out in different laboratories, with different stocks of 
mice and different samples of TEM, there are many variables that could account for 
this discrepancy. However, the early results are in full agreement with those of the 
second 2 X 2.0 mg/kg experiment, in which 3-4-month-old animals were used. Here 
the median time of recovery was on day 68. This suggests that age is the responsible 
factor, and this was established by the observation that within the one 0.5 mg/kg 
experiment, where both old and young animals were treated at the same time with 
the same sample of TEM, the sterilizing effect on the older males was much greater. 
The toxic effects of the chemical were also higher among the i-year-old males, but 
too many environmental factors could operate here to allow this observation to be 
meaningful. Also, the dominant lethal frequencies were too high, even in the lowest 
dose groups, to permit comparisons to be made. At the present time, therefore, it is 
not possible to distinguish whether the age effect operates upon the animals as a 
whole, or specifically upon the spermatogonia. Until this is understood it would seem 
wiser not to lump together the results of the two 2 X 2.0 mg/kg dose groups. 
A tentative comparison of the effectiveness of TEM and X-rays may be made 
by using the data of the 2 X 2.0 mg/kg (old males) experiment. The mutation fre-
quency (8.00 . io—io.66 10 5 ) lies somewhere between that produced by 300 R and 
600 R of X-rays (8.72 10-5 and 13.29. 1o 5 , respectively 19).  This comparison applics 
only to visible mutations induced in spermatogonia; for other types of effect and otho: 
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gerin cell stages, different estimates of the relative effectiveness of TEM to X-rays are 
obtained. Thus, whcn dominant lethals or translocations, induced in postmeiotic germ 
cell stages, are used as bases for comparison, much lower doses of TEM are equivalent 
to 600 R of X-rays" 7 ' 11 . Moreover, a comparison between the general mutagenic 
effectiveness of TEM and X-rays is made difficult by the fact that the response of 
the different germ cell stages to killing and mutation by the two agents is not always 
the same. With fertility as the parameter measured, the present experiments show 
that the spermatocyte is the most resistant germ cell stage to TEM (see Fig. i), while 
the spermatozoon has been found to be the most resistant to X-rays 18 A final dif-
ficulty is created by the fact that there is clearly an age effect for the length of the 
sterile (aspermic) period after treatment with TEM while this does not appear to be 
the case for X-rays. This example clearly shows' the difficulties in comparing the 
general genetical effects of different mutagens and cautions against generalizing from 
results on one effect in one germ cell stage. 
The data are not extensive enough to compare the nature of the TEM-induced 
mutations with those recovered from irradiation experiments, but it may be noted 
that four out of five tested were lethal in the homozygous conditions. This might 
suggest they were deficiencies rather than point mutations, but since three were d 
mutations and the extremely closely linked se locus was not affected, this would seem 
to be improbable. The distribution of the mutations among the seven loci is intriguing, 
for it shows no tendency to mimic that of the X- and y-rays'°. That two of the rare 
a mutations and not one of the frequently occurring s mutations were recovered 
suggests the possibility of chemical specificity. Further experiments to test this pos-
sibility would be well worthwhile. 
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SUMMARY 
The treatment of male mouse post-meiotic germ cells with triethylenemelamine 
was found to induce paternal sex-chromosome loss, aberrations of the paternal X, and 
also specific-locus autosomal gene mutations. Two spontaneously occurring patrocli-
nous XO females and one XXY male were also detected. 
INTRODUCTION 
Since most genetical studies with mice have to be carried out over extensive 
periods of time, it would seem worthwhile to design experiments which provide 
answers to as many questions as possible. Such an attempt is reported here. 
The principal aim of the experiment was to induce X-chromosome aberrations 
(deletions, inversions, translocations) and to do this by a method which also screened 
for loss of paternal X or Y chromosomes, autosomal gene mutations at 7 specific loci, 
and a number of events of spontaneous origin. Further, the chemical mutagen, TEM, 
which is known to be highly effective in breaking mouse chromosomes' -3 ' 7 and capable 
of inducing gene mutations in pre-meiotic germ cells, was employed so that its ability 
to produce each of the above changes was concomitantly tested. The successive stages 
of spermiogenesis were screened, and hence the sensitivities of the different stages to 
the induction of each of the changes could be compared with those already established 
for TEM-induced dominant lethals 7 and translocations 3 . 
This communication presents the results of each of the tests, all of which are 
incorporated in the one-compound experiment, but the genetical and cytological 
analyses of the presumed X-chromosome aberrations that were recovered will be the 
subject of a further paper. 
* U.S. Public Health Service Post-doctoral Research Fellow. Permanent address: Biology Depart-
ment, City of Hope Medical Center, Duarte, Calif. (U.S.A.). 
Abbreviation: TEM, triethylenemelamine. 
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METHODS 
Experimental procedure 
Males, carrying the X-linked gene, Tabby (Ta), but which were otherwise 
genotypically wild-type (+), were mated throughout the 3  weeks immediately follow-
ing treatment to females homozygous for 7  autosomal recessive genes; the method is 
thus a variation of the specific-locus method 16 for the detection of autosomal recessive 
visible mutations. The same mating scheme has also been used in studies of radiation-
induced chromosome changes". Here, if no genetic or chromosomal change in the X 
or at the 7  specific loci occurs, the F, offspring should be solely comprised of Ta/+ 
daughters and + sons. If any such changes do occur, the animals with the following 
aberrant phenotypes would be recovered: 
(i) Phenotypically + females. These could be of 3  types: (a) normal Ta/+ 
females not showing the heterozygous phenotype, (b) matroclinous XO females 
(XMO), or (c) females receiving a deleted, or rearranged, X from the father (XMXR), 
as found earlier in X-ray expe riments 15. In theory a fourth type could occur; i.e. 
females receiving a paternal X in which a reverse mutation to the + form of the Ta 
gene had occurred; the likelihood of this event taking place must be very rare, however. 
The distinction between the 3,  or 4,  types can be made on the basis of breeding and 
cytological tests. 
(2) Phenotypically hemizygous Ta females. Again, these could be of 3 types: (a) 
spontaneously occurring patroclinous XO females (X'O), (b) secondary XO female 
progeny of XO mothers that had arisen spontaneously, or (c) heterozygotes for an 
X-autosome translocation of the type described by SEARLE 19 and LYON etal.. Theoret-
ically, they could also be normal Ta/+ females not showing the heterozygous pheno-
type, but animals of this category have never been reported. The distinction of these 
3, or  4,  types can be made on the basis of breeding and cytological tests. 
() 1 emales showing variegation for one of the autosomal marker genes. These 
could be mosaics for mutations at the locus indicated, or heterozygotes for an X-
autosome translocation of the types described by RUSSELL AND BANGHAM 1 0 and 
CATTANACH'. They could be distinguished by appropriate tests. 
() Offspring of either sex showing the phenotypes of one of the autosomal marker 
genes, or those of intermediate alleles. These could be gene mutations, or small dele-
tions, and this could be established by the standard allelism tests ­ . 
(5) Ta/+ males. These would be expected to possess two X chromosomes and 
one Y as a result of spontaneous non-disjunction of the X and Y in the meiotic 
divisions of the father 4,12. Confirmation of the XXY chromosome constitution could 
he made by chromosome counts. 
Two types of experimental breeding procedures were employed. In the firts, 
the treated males were placed with 2 females of the multiple recessive stock, which 
were removed on the day they mated and replaced with fresh females. In the second, 
4 females were placed with each male; they were not checked each day for mating 
but were replaced at the end of each week with 4  fresh females. In both systems, after 
removal from the males, the females were placed in separate cages and left until they 
gave birth, when the litter sizes were recorded. Classification of the phenotypes of the 
offspring was carried out at 2-3 weeks of age. Most data were derived from the first 
system which, as well as furnishing information on the frequency of sterile matings, 
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also proved to be more efficient in terms of numbers of offspring produced per male. 
The data to be presented were accumulated by carrying out a number of repeat 
series of the experiment. Control series were run concurrently. 
As in previous TEM experiments, the chemical was administered by intraperi-
toneal injection in treatments that were adjusted to the weights of the animals, i.e. in 
mg TEM/kg body weight. The dose of 0.2 mg/kg was selected as being the most 
suitable for use in the present experiment; it is known to induce a high frequency of 
dominant lethals in the first few weeks after treatment, but not with so high a fre-
quency that complete sterility occurs 3 . 
The experiment was carried out in Dr. V. L. RUSSELL'S laboratory of the 
Biology Division, Oak Ridge National Laboratory, using mice kindly provided by 
him. The animals carrying the 7  autosomal marker genes were of the T stock stand-
ardly used by Dr. RUSSELL in his radiation experiments. The Ta gene was provided 
by Dr. L. B. RUSSELL and was built up into a stock in repeated backcrosses to F 1 
hydrid (ioi X C3H) animals. 
Breeding tests on aberrant progeny 
+ females. These were first mated to males carrying the X-linked gene, Greasy 
(Gs), which is very closely linked to Ta". Those that produced approximately equal 
numbers of Gs/Ta and Gs/+ daughters and Ta and + Sons were taken to be normal 
Ta/+ females whose phenotype overlapped with that of +. Those that produced 
daughters showing a hemizygous Gs phenotype were taken to have only one X chromo-
some (XMO) or have a rearranged paternal X (XMX1). The distinction between the 2 
classes was made on the basis of chromosome counts. 
Ta females. These were also test-mated to Gs males. Those that produced 
daughters showing a hemizygous Gs phenotype were taken to be XO females, and this 
was confirmed by chromosome counts. The T stock mothers were also examined cyto-
logically. 
Specific-locus mutants. These were first subjected to allelism tests, and thereafter 
the viability in the homozygous state was investigated. 
Cytological test 
Chromosome counts were made upon mitotic-metaphase preparations of the 
bone marrow or spleen, using the air-drying method of EVANS et al. 8 . Counts were 
made upon at least 30 cells before the chromosome number was taken to be established. 
Preparations of male meiotic-metaphase I cells were occasionally made to 
establish the presence of a translocation. When this was done, the method of WEL-
SHUNS et al .20  was employed. 
RESULTS 
Effect on fertility 
The chemical, TEM, markedly reduced the fertility of the treated males, partic-
ularly in the second week after treatment. This was observed in each of the repeat 
runs of the experiment and with each of the 2 breeding systems. Since the degree of 
effect was consistently of the same order, the results have been summed and are pre-
sented in Table I. It can be seen that the fertility, whether assessed by litter size or 
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by the proportion of sterile matings, gradually decreased from the first day after 
treatment to a minimum on the 13th day and thereafter rapidly returned to a near-
normal level. These results are in full agreement with earlier TEM studies in which it 
was shown that the sterilizing effect of the chemical on post-meiotic germ-cell stages 
was due to the induction of dominant lethal mutations, and that the changes in the 
degree of effect in the days following treatment represented the differential sensitivi-
ties of the various spermiogenic stages 137 
TABLE I 
THE FERTILITY OF MALES TREATED WITH 0.2 mg/kg TEM 
Series 	 Days after Number 01 Mean litter size Mean litter size % Sterile 
treatment fertile matings offertile matings of all matingsa matingsa 
Treated 	 1 35 5.14 4.41 11 
2 10 5.10 5.14 14 
3 19 4.26 3.05 30 
4 23 4.30 3.08 23 
5 18 3.67 2.88 23 
6 23 3.48 3.00 22 
7 19 3.79 2.83 25 
8 33 3.73 2.96 12 
1-8 180 4.18 3.29 20 
9 22 3.73 2.12 35 
10 28 2.79 2.47 10 
II 23 2.39 1.54 42 
12 12 2.50 1.12 56 
13 9 2.00 0.40 73 
14 9 2.67 1.00 6r 
15 27 3.19 2.14 34 
16 14 3.29 2.22 33 
9-16 144 2.91 1.66 42 
17 31 4.16 3.62 13 
18 20 5.57 4 
19 29 5.37 5.21 7 
20 30 4.50 23 
21 21 5.48 4.77 13 
17-21 131 5.28 4.72 13 
1-21 455 3.98 3.08 26 
Control 	 i-si 422 6.19 5.12 13 
a Results of first breeding procedure only 
To facilitate the comparison of the induced frequency of the types of changes 
being scored in the present experiment with that of dominant lethals, the data were 
divided into 3  groups on the basis of dominant-lethal frequency. In earlier experi-
ments 1 ' 7 , the most sensitive period was found to occur 10-14 days after treatment. 
This agrees well with the results shown in Table I, but for the present purposes, the 
period of maximum sensitivity was arbitrarily taken as occurring between days 9 and 
16; during this time the fertility of the treated males was at its lowest. The 3-week 
period of test is thus divided into 3  periods; and the frequencies of the types of muta-
tions of present interest, occurring in each of these periods, may now be considered. 
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Chromosome changes 
(i) Plienolypically+females. In the treated series, 22 phenotypically+females 
were found amoung 841 scored for Ta; in the controls there were io among io88. 
Three from the treated and one from the control series could not be tested because of 
accidental loss, but the genotypes of the remainder were determined by breeding and 
cytological tests. The breedings tests indicated that 6 from the treated and 4  from the 
control series were normal Ta/+ females that did not show the variegated heterozy 
gous phenotype; the cytological tests showed that ii out of the remaining 13 in the 
treated series, and all 5  in the control possessed 39 chromosomes; the 2 other --
females of the treated group had 40 chromosomes. 
The combined genetical and cytological data indicated that the 39-chromosome 
animals were matroclinous XO females, and suggested that the 40-chromosome 
animals possessed a deleted, or rearranged, paternal X chromosome 15 . Evidence 
substantiating this conclusion for the two 40-chromosome females has been obtained; 
both bred in a similar manner to XO females, producing a proportion of daughters 
that was nonvariegated like hemizygotes, or very slightly variegated, when mated to 
males carrying any one of several X-chromosome marker genes (Greasy, Blotchy, 
sparse-fur), and these daughters in turn bred in a like manner. In one of these lines, 
males carrying the treated X chromosome are partially viable; in the other they are 
not recovered. 
The frequencies of the two aberrant types of +females are shown in Table II. 
It can be seen that the overall frequency of these classes among the progeny of the 
treated males is considerably higher than that in the control (X 1 2 = 6.io, P = 0.01 
when only fully tested animals are considered). The data thus clearly show that the 
treatment of male mouse post-meiotic germ cells with TEM increases the loss, or 
rearrangement of the X chromosome. Table II also shows the distribution of the 
aberrant + females over the 3-week period under test. It may be seen that the 
frequency is highest during the 9-16 day period, i.e. during the period when the dom-
inant lethal frequency is at its maximum. Although the data for this period are 
not significantly different from that of the pooled 1-8 and 17-21 day periods (X,2= 
3.47, p = o.o6) they suggest that the spermiogenic stages most sensitive to the in-
duction of dominant-lethal mutations are also the most sensitive to the induction of 
paternal X-chromosome loss and rearrangement. 
ILE iT 
LYSIS OF pHEN0TY1'IcALLY± FEMALES CONCEIVED WITHIN 3 WEEKS OF TREATMENT OF THEIR FATHERS WITH 
ng/kg TEM 
s 	Days 	 Normal 	 Phenotypically +females 
after treatment progeny Total 	Normal 	 Aberrant 	X MO+X 1X R  
Ta/+ +66 	 overlaps XMO XMXR 	Total - 
of Ta/+ Untested 
ted 	i- 8 	 337 370 8 2 2 	4 	0 	
1.16 (174)a 
9-16 195 196 9 3 0 5 I 2.94 
17-21 	 293 310 5 1 I 	 2 	I 	 1.01 	
(134)a 
I-21 825 876 22 6 3 II 2 1.54 	(i.89)a 
:rol 	1-21 	 io88 1097 10 4 1 	 5 	0 	 0.46 (0.55) 
including untested animals. 
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Phenotypically hemizygous Ta females. Two phenotypically hemizygous 
Ta females were found in the treated series and both were shown to be XO females, 
i.e. they had only 39 chromosomes. The mothers of both animals possessed 40 chromo-
somes, and thus it can only be concluded that the exceptional animals were patrocli-
nous XO females, i.e. a loss of the maternal X had occurred. That this could be a 
consequence of the treatment of the paternal chromosomes set seems quite improbable 
—the event in each case must have been of spontaneous origin. One phenotypically 
hemizygous Ta female also occurred in the control series. Here it was found that both 
the aberrant animal and its mother possessed only 39 chromosomes. The appearance 
of this Ta female thus indicated that the mother was an XO female that had occurred 
spontaneously. 
Ta/+ males. One Ta/+ male was recovered from among the 876 males 
examined in the treated group; none appeared in the control. Cytological tests indi-
cated that 41 chromosomes were present in all cells, i.e. it was XXY in sex chromo-
some constitution. Since the aberrant animal was conceived only 4  days after treat-
ment of the father, it is impossible that its appearance was a consequericy of TEM-
induced non-disjunction, i.e. the paternal germ cell was in the haploid state at the 
time of treatment. The event can only have been of spontaneous origin. 
() Autosomal changes. In the course of testing the exceptional + and Ta 
females, 4  animals—all from the treated series—were found to be semi-sterile. In 2 of 
these the presence of a translocation was confirmed by the examination of mitotic-
metaphase chromosom€s, both the exchanges having resulted in an abnormally long 
chromosome. In one other, no change was obvious in the mitotic chromosomes, but 
translocation configurations were found in the meiotic divisions of some of her sons; 
these males, incidentally, were sterile. The presence of a translocation in the fourth 
animal was not confirmed cytologically. The translocation frequency in the small 
sample tested is quite high (13-17%) and confirms the dominant-lethal data in demon-
strating the effectiveness of the low dose of TEM employed. 
Genic changes 
While visible mutations were not found among the progeny of the untreated 
males, 3  were recovered from the treated series, and allelism tests indicated that each 
of these concerned changes at one of the specific loci. One mutation occurred at the a 
locus and 2—one to an intermediate allele—at the d locus. Homozygous viability 
tests indicated that the intermediate d mutation was fully viable, but that the a and 
the other d mutation were lethal alleles, the d being an opisthotonic lethal. The a 
mutant and a proportion of its progeny were semi-sterile and therefore almost cer-
tainly heterozygous for a translocation; the 2 events were independent of each other, 
however. 
With a spontaneous specific-locus mutation frequency of 0.75 iO-'/ locus/ 
gamete- (95%  confidence limits: 0.51 and i.i io-'), the probability that 3  mutations 
might occur spontaneously among 1701 offspring scored is extremely low (P <o.00i); 
indeed the mutation frequency, calculated on the 3  mutations, is very high (25.20 
iO). The data thus support the chromosome breakage data' 3 7 in demonstrat-
ing the high sensitivity of mouse post-meiotic germ cells to TEM. Interestingly, all 
three mutations were recovered from the period most sensitive to the induction of 
dominant lethals—specifically on days 9, 15, and 16—again substantiating the con- 
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clusion that the spermiogenic stage represented at this time is the most sensitive to 
the chemical. 
During the tests for allelism and homozygous viability of the opisthotonic d 
mutation, 2 other new mutants were recovered. Both affected hair growth, but while 
one is clearly inherited as a simple autosomal recessive, the other may have a sex-
linked inheritance. Since neither of the mutants appeared in any of the stocks used in 
the crosses, it seems most likely that both events were the consequence of the TEM 
treatment. That 3  mutations should be recovered from a single spermatozoon further 
stresses the sensitivity of the germ-cell stage treated—the spermatid (day 15). 
DISCUSSION 
The principal aim of the experiment was realized; X-chromosome aberrations 
were recovered following the treatment of mouse post-meiotic germ cells with triethyl-
enemelamine (TEM), and the use of a method which permitted the scoring of pater -
nal X or Y chromosome loss, specific-locus gene mutations, and a number of events of 
spontaneous origin also proved to be quite effective. The frequency of X-chromosome 
anomalies (XO and XMXR  females) recovered from the treated series was significant-
ly higher than that from the control (X,2 = 6.10), and 3  specific-locus mutations were 
detected among only 1701 offspring scored. The data thus fully substantiate the 
results of previous dominant lethal ,,, and translocation 2 ' 1 studies in showing that the 
male mouse post-meiotic-germ cells are highly sensitive to the mutagenic action of 
TEM. 
Let us first consider the females lacking a paternal X chromosome (XMO),  or 
having an aberrant one (XMXR).  Since both of these conditions are presumably con-
sequences of the same mechanism, i.e. chromosome breakage, it was considered 
justifiable to pool them together in Table II for the estimation of the total paternal 
sex-chromosome anomalies; this procedure also facilitates the comparison of the 
results with the X-ray data 14,15  in which no full identification of the classes was made. 
On this basis, when only the fully tested animals are included the overall frequency 
of XMOplusXMXI females, conceived within 21 days of treatment of. their fathers, 
was 1.54%. The increase of i.o8% over the control then compares favorably with 
that (i .18%) for 600 R X-rays administered to spermatozoa (mostly from days 1-7) 14,15  
and that (1.02%) for 200 R X-rays administered to spermatids (days 15_21) 15 . 
However, while the TEM treatment increased the frequency of XMOplusXMXR 
animals by a factor of only 3.4,  both X-ray treatments increased the frequency by a 
factor of about 9.4.  This difference could simply be due to the fact that the control 
values for the X-ray experiments were very low. The statistical error involved in 
working with events which occur with such a low frequency would seem to be too 
high to permit more specific comparisons of the effectiveness of TEM and X-rays. 
A more valid comparison can be made between the TEM-induced dominant 
lethal and XMOplusXlXR frequencies. It was found that both events occurred most 
frequently among offspring conceived during the period 9-16 days after treatment of 
the fathers, and, although the data within each period were too small to stand up to a 
statistical test, the trend of the results over the 3  periods makes it seem probable that 
the spermiogenic stages most sensitive to the induction of dominant lethals and trans-
locations by the chemical are also those most sensitive to the induction of sex-chromo- 
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some loss or aberration. RUSSELL AND SAYLORS 15  have demonstrated the same phenom-
enon for X-rays, though here the spermiogenic stage most-sensitive to X-rays 
(spermatids) is slightly different from that most-sensitive to TEM (early spermatozoa/ 
late spermatids). 
Only one type of X-chromosome aberration was recovered—the variety that 
was detected by the + phenotype and bred in a similar manner to XO females. Ani-
mals of this type (XMXR)  were presumed to have a deleted, or rearranged, paternal 
X-chromosome. X-autosome translocations that cause variegation for marker 
autosomal genes-1,10 , or that suppress the variegation of X-linked genes 9 ' 19 were not 
found. This perhaps is not surprising since both require rearrangements between 
specific regions of certain autosomes and, perhaps also, specific regions of the X, and 
the probability of both occurring may be very low. 
In addition to XMO  and XMXR  animals, 3  females were recovered which showed 
the hemizygous Ta phenotype and only possessed a single X (XPO).  One of these 
occurred in the control series and here the single X condition was almost certainly the 
consequence of the mother likewise being an XO female. No new event had therefore 
occurred. The other 2 XO animals conceived on days i and 10 of the treated series 
must, however, have arisen as a consequence of spontaneous loss of one of the mother's 
two X chromosomes. This event is extremely rare"; only one substantiated case has 
previously been reported 4 . In the present experiment, the recovery of 2 XO females 
from amol:g the 1913 females from both the treated and control series allows the 
frequency of maternal X-chromosome loss to be crudely estimated as o.i%. 
One other animal with an anomalous chromosome constitution was detected; 
this was a male which showed the Ta/+ phenotype, i.e. it possessed two X's and a 
Y. The mechanism by which this chromosome constitution occurred must have been 
the spontaneous non-disjunction of the X and Y chromosomes in one of the meiotic 
divisions of the father. Again this event is very rare; the observed frequency, based on 
this single case among the pooled treated and control data, is 0.05%—a frequency 
which agrees well with that suggested by RUSSELL'S data (0.02%)". 
The discovery of 3  specific-locus mutations among only i'oi F, offspring of 
males treated with the low dose of 0.2 mg/g TEM is perhaps the most striking result 
provided by the experiment. The mutation frequency based on these figures is 
25.20 io' locus/gamete (cf. RUSSELL'S control frequency 0.75 1o 5 ; ref. 17) and 
although this estimate may be inaccurate (upper and lower 95%  confidence limits, 
73.65 and 5.20, respectively) it supports the previous findings that the post-meiotic 
germ cells are extremely sensitive to the mutagenic action of TEM. The discovery of 
2 further independent mutations substantiates this conclusion. 
In the past, the comparison of the sensitivities of the spermatogonia and post-
meiotic germ cells to TEM has had to be made on the basis of different criteria, i.e. 
cell killing in the former and chromosome breakage in the latter; and it was concluded 
that the post-meiotic germ cells were the more sensitive". The comparison may now 
be made on the basis of a single criterion, the specific-locus mutation frequency, by 
using the estimates of the spermatogonial mutation frequency reported in an earlier 
paper 6 . Two factors complicate the comparison, however. First, the genotypes of the 
treated males in the 2 experiments differed; in the spermatogonial mutation experi-
ment, they were (C3H x ioi) F, hybrids, in the present experiment they were basically 
of the same genetic background but were not F, animals and, in addition, they carried 
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the sex-linked marker gene, Ta. The possibility that the 2 genotypes may differ in 
their sensitivity to the induction of gene mutations by TEM is, however, rendered 
remote by the fact that genotypic differences do not appear to influence either 
dominant lethal frequencies (cf. present results with those of earlier studies 3) or 
spermatogonial killing 6 . Second, the age of the males at the time of treatment differed 
in the 2 experiments; most of the spermatogonial data were obtained with I-year-old-
males, whereas in the present experiment 3-to-4-month-old animals were used. Age 
has been shown to influence greatly the time taken to recover from TEM-induced 
aspermia, older males taking far longer to recover than younger animals, and the 
possibility that age may also influence the TEM-induced mutation frequency cannot 
be excluded. If this were so, the overall estimates of the mutation frequency obtained 
in the spermatogonial mutation experiments would be biased toward higher values. 
However, if any age or genotype effect is ignored, and if one can assume that in the 
spermatogonial data the lack of any suggestion of a departure from a linear relation-
ship between mutation frequency and dose permits the calculation of a mutation 
frequency per dose, then, ignoring the low spontaneous mutation rate, the weighted 
spermatogonial mutation frequency is 1.59 b -5 per mg/kg/locus/gamete (upper and 
lower 95%  confidence limits, 3.47  and 0.58, respectively). In the post-meiotic germ 
cell data, the frequency is 125.98 io -5 per mg/kg/locus/gamete (upper and lower 95% 
confidence limits, 368.28 and 25.99, respectively). Post-meiotic germ cells are there-
fore very much more sensitive to TEM than are pre-meiotic germ cells. 
In the TEM-spermatogonial experiments6,  it was found that the distribution of 
mutations among the 7  specific loci tested appeared to be different from the X- and 
y-ray distributions obtained by RUSSELL". Among 6 mutations recovered from TEM-
treated spermatogonia, 2 were at the a-locus, 3  at the d-locus, and none at the s-
locus. By contrast, the a locus mutates rarely in irradiated spermatogonia and s 
mutations are recovered with high frequency. In X- and y-ray experiments, the 
distribution of mutations among the loci is different for irradiated spermatogonia and 
post-spermatogonial stages 111 . Since, in the present experiment, only 3  mutations were 
found following TEM treatment of post-spermatogonial stages, the data are not ade-
quate for a comparison with the pertinent radiation results. However, the fact that 
the 3  mutations were again at the a and d loci suggests that these 2 loci may be 
particularly sensitive to TEM. 
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SULTS OF TESTS FOR CYCLOHEXYLAMINE-INDUCED DOMINANT LETHALS 
males represented each group. 
ealment 	Period of Number of 	Number of 	Mean number 	Mean number Mean number of 
lest 	fertile matings sterile matings of live embryos of deciduomalaa  corpora lutea 
ntrol I- 7 70 3 7.37 0.96 10.79 
8-14 54 I 7.72 0.76 9.98 
15-21 6o 4 7.48 0.65 9.58 
1-21 184 8 7.5' o.8o ,o.i6 
mg/kg 1- 7 66 2 8.35 0.73 10.73 
8-14 65 0 8.02 0.77 10.48 
15-21 46 0 7.25 0.96 9.70 
1-21 177 2 7.94 0.80 10.37 
) mg/kg I- 7 67 3 8.21 0.76 11.00 
8-14 57 I 7.54 0.77 10.23 
15-21 59 3 6.8o 0.70 9.66 
1-21 183 7 7.55 0.74 10.33 
Resorption sites of dead embryos 
TABLE II 
RESULTS OF THE CYTOLOGICAL TEST FOR TRANSLOCATIONS INDUCED BY CYCLOHEXYLAMINE IN 
5PERMATOGONIA 
8 males represented the control and ioo mg/kg groups and 4  animals the 50 mg/kg group. zoo 
cells per animal were scored. 
Treatment Number of Number of % X-Y % Aulosomal 
cells translocations univalents univalents 
Control 1600 i 6.6 3.0 
50 mg/kg 800 o 6.o 3.2 
100 mg/kg 1600 0 6.2 1.8 
level induced higher frequenciesof pre- or post-implantation losses than those ob-
tained in the control, nor were higher frequencies of sterile matings detected. These 
observations were consistent throughout the whole period of test; hence, there is no 
reason to suspect that cyclohexylamine induced dominant lethals at any stage of 
spermiogenesis. 
The results of the cytological tests are shown in Table II. It can be seen that 
one translocation was found in the control, none in either of the treated groups and 
that the proportions of "irregular" cells, i.e. those with autosomal or X, Y univalents, 
were of the same order in all groups. 
It must be concluded from the data presented that cyclohexylamine, even at 
the extremely high doses employed, does not induce any detectable amount of heri-
table chromosome breakage in either the postmeiotic germ cells or spermatogonia of 
the mouse. This finding would appear to contrast sharply with the observations of 
LEGATOR et a/. 5  in the rat. They reported that after 5  equal daily treatments with 
50 mg/kg cyclohexylamine over 19% of spermatogonial cells possessed one or more 
breaks. Since the majority of the breaks were of the chromatid type and hence, pre-
sumably largely a consequence of the last treatment only, a proportionately greater 
amount of breakage presumably occurred over the whole 5-day period. 
The dominant lethal test screens for zygotic deaths which result from the same 
type of chromosome breakage as that scored directly in mitotic cells, e.g. nonrestituted 
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breaks or interchanges leading to the formation of dicentric and acentric chromosomes. 
The contrasting results obtained with the dominant lethal study in the mouse and the 
chromosome study in the rat thus suggest that either a germ cell stage difference 
(spermatozoa/spermatids versus spermatogonia) or a species difference exists. The 
latter possibility gains some support from our finding that cyclohexylamine does not 
appear to be capable of inducing translocations in mouse spermatogonia; but here a 
word of caution must be introduced. For the induction of translocations at least 2 
breaks must occur in the same cell at the same time and the broken chromosomes must 
rejoin in such a way that each rearranged chromosome possesses i centromere. A 
failure to detect translocations is not therefore incompatible with sperm atogonial 
chromosome breakage. It is clear that more work is needed with known mutagens to 
determine the relative yields of abnormalities with each type of test before results 
obtained with unknown possible mutagens can be properly evaluated. 
We should like to thank Miss M. FULLER and Mr. P. CO5TER for technical 
assistance with the dominant lethal tests. 
M.R.C. Radiobiology Unit, Harwell, 	 B. Al. CATTANACH 
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SUMMARY 
Two established chemical mutagens—ethylmethanesulphonate (EMS) and 
triethylenemelamine (TEM)—were tested for the ability to induce chromosome 
aberrations in mouse spermatogonia. While not a single aberration was detected fol-
lowing the EMS treatment, a low frequency of translocations and fragments was 
found in the TEM groups. These findings are in agreement with the data obtained 
with the specific locus mutation test as applied to male mouse premeiotic germ cells 
but contrast with the effectiveness of these chemicals in breaking chromosomes in 
male mouse postmeiotic germ cells. A differential sensitivity of post- and premeiotic 
germ cells to any kind of genetic damage by these chemical mutagens is most likely 
to be the correct interpretation of all the data. However, it is also suggested that a 
high proportion of translocations induced in spermatogonia by chemical mutagens 
may not be detectable by present methods. 
INTRODUCTION 
A variety of chemicals are capable of causing chromosome breakage in the 
mouse. This has been amply demonstrated with the use of the dominant lethal and 
F, translocation test systems (see review by BATEMAN AND EPSTEIN'). However, of 
the few such chromosome-breaking chemicals tested for the ability to induce specific-
locus gene mutations—EMS (ref. io ), MMS (ref. io), PMS (ref. io ), iPMS (ref. io ), 
Myleran' 6  and TEM (ref. 7)—only TEM has enhanced the mutation frequency above 
the control level and, to do this, doses up to 40 times those employed in dominant 
lethal tests have been required. These results are perhaps somewhat surprising espe-
cially since several of the above chemicals (EMS, MMS, TEM) are known to be capable 
of producing gene mutations in other organisms, e.g. Drosophila 12,13 . However, in 
evaluating the data it must be noted that in the mouse chromosome breakage and 
gene mutations are not generally investigated in the same germ cell stage. For the 
most part, chromosome breakage is investigated in postspermatogonial stages and 
Abbreviations: EMS, ethylmethanesulphonate; iPMS, iso-propylmethanesulphonate; MMS, 
methylmethanesuiphonate; PMS, n-propylmethanesulphonate; TEM, triethylenemelamine. 
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gene mutation in the spermatogonial stem cell. It is not clear, therefore, whether the 
contradictory results indicate a differential sensitivity of the different germ cell types 
to genetic damage or whether, in contrast to the findings made in other organisms', 
in the mouse chemicals might be less efficient at inducing gene mutation than chromo-
some breakage. 
The answer to this problem is obtainable by scoring both types of genetic 
damage in both types of germ cell. As indicated above, extensive evidence is available 
which demonstrates that chromosome breakage can be induced in postmeiotic cells. 
A limited amount of data has also been obtained from the application of the specific 
locus method to this type of germ cell" 8 "0 , but although these might indicate that a 
relatively high mutation frequency can be induced, this does not establish that the 
postmeiptic germ cell is sensitive to gene mutation as well as chromosome breakage. 
With X-rays a high proportion of specific locus mutations recovered from post-
meiotic germ cells are thought to be associated with gross chromosomal changes", 
and the situation is unlikely to be any different with chemical mutagens. More re-
liable information could be obtained from the study of spermatogonial stem cells. 
If this type of germ cell proved to be insensitive to chromosome breakage, as it 
appears to be to gene mutation, a differential sensitivity of the pre- and postmeiotic 
germ cells to any kind of genetic damage would be most strongly indicated. This 
communication reports the results of screening tests for chromosome breakage in-
duced in mouse spermatogonia using two established chemical mutagens, EMS and 
TEM. 
METHODS AND MATERIALS 
EMS and TEM were selected for test because their chromosome-breaking abil-
ity in mouse postmeiotic germ cells has been amply demonstrated in both dominant 
lethal3 and F1 translocation tests 4 ' 9, both have produced specific locus mutations in 
this germ cell stage 7,8  but only one (TEM) has been found to induce specific locus 
mutations in spermatogonia 6 . The late sterile period, which occurs following irradia-
tion and indicates spermatogonial killing, may also be obtained with TEM 6 . 
Two dose levels (0.5 mg/kg and 2.0 mg/kg) of TEM (Tretamine, I.C.I. Labora-
tories) and a single dose level (240 mg/kg) of EMS (Koch—Light Laboratories) were 
employed. It is known that the lower TEM and the EMS doses cause high levels of 
dominant lethality in epididymal sperm and late spermatids but that neither causes a 
late sterile period 6 ' 9 . The higher TEM dose is close to the highest that can be given in 
a single treatment without inducing toxic effects; it does not cause a clear sterile 
period but reduces fertility between 42 and 55  days posttreatment (CATTANAcH, un-
published). 
The three treatments were each administered by intraperitoneal injection to 10 
ten-week-old C3H x 101 F1 hybrid male mice and a further io males were treated 
with distilled water alone to serve as a control. All 40 animals were killed 12 weeks 
postinjection and meiotic preparations were made from both testes by the method 
of EVANS et al.". 200 diakinesis—metaphase cells from each animal were examined on 
coded slides for chromosome aberrations. These cells would have been spermatogonia 
at the time of treatment. 
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RESULTS AND DISCUSSION 
The results of the spermatocyte analysis of the three treatment groups and the 
control are presented in Table I. The spontaneous incidence of translocations in 
spermatogonial cells is very low and in accordance with this we failed to detect any 
chromosome rearrangements in our control material. One cell was found containing 
an extra element, but, since this appeared to be a whole chromosome closely resem-
bling the X in size and degree of condensation, there is little reason to suppose that 
it derived from chromosome breakage. Effectively the same result was obtained in the 
EMS-treated material; rearrangements were not detected and only a single cell con-
taining a fragment was observed. It must be concluded that the EMS treatment, 
which has proven to be highly effective at inducing translocations in postmeiotic 
cells 9 , is ineffective in this respect in spermatogonial cells. The failure to find specific 
locus mutations in this germ cell type need not therefore be attributed to an inability 
to induce gene mutations. A differential germ cell stage sensitivity to any form of 
genetic damage most probably is the correct interpretation for all the available data. 
TABLE I 








Cells scored 2000 2000 2000 2000 
Animals so so 10 JO 
Normal cells 5999 1994 1989 1999 
Abnormal cells i 6 
Types of abnormal cells 
1811+RIV o i o o 
1811+CIV o i 3 0 
18 11+111+1 o o i o 
20 11+1 I 4 7 (i)a 
a Whole chromosome, resembling the X 
As illustrated in Table I, translocations and chromosome fragments were found 
in both sets of TEM-treated material. However, the frequency of aberrations, even 
if cells containing only fragments are included, is very low (0.4%, cf. 3.7%  with 
100 R X-rays in ref. 14). Since much higher frequencies of translocations have been 
obtained following the treatment of postmeiotic germ cells with a considerably lower 
TEM dose 4,  it may be concluded that TEM differs from EMS only in degree; it is 
relatively ineffective upon spermatogonial cells. The relatively low level of sperma-
togonial killing obtainable even with the 2.0-mg/kg dose (CATTANACH, unpublished) 
is in agreement with this conclusion and, while a specific locus mutation frequency 
of between 8.00 and io.66 io has been obtained following the TEM treatment of 
spermatogonia 6, the dose employed was double the higher dose used in the present 
experiment and was given in two fractions 24 h apart. Aside from any possible enhance-
ment of the mutation frequency the fractionation may have conferred, all criteria 
for TEM-induced genetic damage measured were spuriously elevated in this experi-
ment by an age-dependent increased sensitivity. The available data obtained with 
the same dose on younger males 6 did not suggest that such a high mutation frequency 
might be achieved. 
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Differential germ cell-type sensitivity may not be the only cause of the low 
yield of TEM-induced translocations and their absence following the EMS treatment. 
In other organisms chemically induced breaks occur nonrandomly along the chromo-
somes, whereas a random distribution is obtained with X-rays'. It is therefore pos-
sible that the spectrum of translocations induced in the mouse with chemical muta-
gens may differ from that found with X-rays as also may be the case for specific locus 
mutations" , '. Thus, following X-rays 14,15  few fragments relative to translocations are 
observed, ring-of-4 configurations predominate over chains-of-4, and X-autosome 
translocations are very rare"' (0.3%). The admittedly limited amount of TEM data 
do not give a similar picture and it may also be noted that the X-autosome translo-
cation detected in the present study is the second produced by TEM'. Also pertinent 
is the observation that treatment of postmeiotic germ cells with TEM or EMS 
appears to yield higher frequencies of F 1 male sterility in proportion to F 1 male 
translocation semisterility than do X-ray treatments. In several instances the steril-
ity could be attributed to meiotic arrest, translocations detected in mitotic cells 
perhaps being responsible. If such translocations were induced in spermatogonia, 
present methods would not detect them and the corresponding reduction in the 
proportion of induced rearrangements detected might be greater for chemical mu-
tagens than for X-rays. Clearly, further studies are required to check these possibilities 
and also to elucidate the relative ability of chemicals to induce gene mutations and 
chromosome breakage in the mouse. 
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SUMMARY 
Ethyl methanesulfonate (EMS) induced high frequencies of dominant lethal 
mutations in mouse epididymal spermatozoa and late spermatids and lower frequen-
cies in vas deferens spermatozoa and early spermatids. Pre-meiotic germ cell stages 
were relatively resistent to the induction of dominant lethals and cell killing. The same 
dose of the chemical also induced high frequencies of translocations among the F, 
offspring, the frequencies being highest among offspring from the germ cell stages 
most sensitive to the induction of dominant lethals. Evidence is presented which 
support the concept that F1 male sterility, like F, male semi-sterility, has a basis of 
chromosome breakage. 
INTRODUCTION 
EMS has been shown to be a highly effective mutagen in a wide variety of 
organisms. It induces extremely high frequencies of sex-linked recessive lethals in 
Drosophila1 ' 2"8 and point mutations in barley 20 ' 22 ' 38 and maize33 . It has also in-
duced mutations in Habrobracon2 °, Neurospora26 , bacteria 32,43,  yeast 30 and bacterio-
phage 27 ' 31 . The mechanism by which mutations are induced by EMS is thought to be 
primarily one of GC—AT transitions through the ethylation of guanine but both 
transitions and transversioris have also been postulated to occur following depurini-
zation9,22,27. KRIEG 21  has also proposed that the "gaps" caused by depurinization may 
lead to single base-pair deletions. 
In contrast to its effectiveness in inducing point or gene mutations the ability 
of EMS to cause chromosome breakage is far less impressive. In Drosophila only a 
very few translocations are induced by treatments that cause high frequencies of 
sex-linked lethals 28 . In experiments with maize 3,37  and barley 20 chromosome breakage 
was found to be a relatively infrequent event and a major proportion of the point 
mutations induced by the chemical were thought to be unassociated with small 
deletions. The presence of copper and zinc ions seems to be a necessary requirement 
for induction of chromosome breakage in plant material" 36.  While the mechanism 
Abbreviation: EMS, ethyl methanesulfonate. 
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by which EMS causes chromosome breakage is not certain it has been suggested that 
with high degrees of alkylation the sites of depurinization may occur proximately 
enough in the twin strands of DNA to result in scission of the chain' 0 . Depurinization 
under certain conditions has been shown to lead to crosslinkage". 
In view of these results it seemed worthwhile investigating the mutagenic 
properties of EMS in a mammal, the mouse. In this organism, chromosome breakage 
events can be detected far more readily than point mutations and it was therefore, 
decided first to test the chemical for its ability to induce chromosome breaks. Earlier 
studies with the rat 40 have shown that EMS induces dominant lethals—a class of 
mutation that is generally regarded as having a basis of chomosome breakage. This 
communication presents the results of dominant lethal and translocation tests car-
ried out with the chemical; it will be shown that EMS can induce high frequencies of 
chromosome breakage in the post-meiotic germ cells of the mouse. Since starting this 
project, EHLING et al." have published data which demonstrate that EMS causes 
dominant lethal mutations in the mouse. Our results confirm and extend their 
findings. 
METHODS AND MATERIALS 
In all experiments treatment consisted of a single intraperitoneal injection of 
EMS (Eastman Organic Chemicals) dissolved in 0.9 % saline. The doses were adjusted 
according to the weights of the animals and dilutions were made such that a 25 g 
mouse would receive 0.5 ml of the EMS solution. Care was taken to ensure that the 
chemical was thoroughly dissolved before treatment was commenced. 
Only male mice were treated and these belonged to the non-agouti albino inbred 
strain, JU/Fa. Their ages and weights at the time of treatment ranged from 8 to iz 
weeks and 25 to 30 g respectively. The females employed in the dominant lethal 
experiments were of a randombred wildtype stock basically of C 31-I, 101 and CBA 
origin; JU females or females of a near-isogenic wild type stock were used in the 
translocation experiments. 
In order to determine a suitable dose, toxicity tests and preliminary dominant 
lethal tests were carried out. The procedures for the preliminary dominant lethal 
tests and those of the main experiment were the same: Immediately after treatment 
the males were placed with 2 females and over the following few weeks those females 
which mated (as judged by the possession of a vaginal plug) were removed and re-
placed with fresh females. The mated females were sacrificed at 15-17 days' gestation 
and the number of living and dead embryos, deciduomata (implantation sites of em-
bryos that had died shortly before or after implantation) and corpora lutea (indicating 
the numbers of eggs shed) were counted. Late deaths were not attributed to dominant 
lethal mutations 6 . Dominant lethal induction can be observed by an increase in the 
number of deciduomata and pre-implantation losses (estimated by the difference 
between the number of corpora lutea and the number of implants) in fertile matings 
and by an increase in the number of completely sterile matings (roo % pre-implanta-
tion losses) over those of the control. At low levels of effect the dominant lethal 
frequency is indicated fairly accurately by the deciduomata counts but at higher 
levels early pre-implantation losses and completely sterile matings also have to be 
considered. 
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Dominant lethals are only recovered in appreciable frequencies from post-
meiotic germ cells, i.e., spermatozoa and spermatids, and these sequentially become 
available as mature sperm in the ejaculate over the first 21 days post-treatment". 
In the main experiment the above procedures were carried out for a further 4  weeks 
to determine the sensitivity of the spermatocytes and spermatogonia to the induction 
of dominant lethals and/or cell killing by the chemical. Two females were not kept 
with the males at all times over this extended period. 
The translocation tests were carried out in a similar manner to the dominant 
lethal tests except that the mated females were placed in separate cages and allowed 
to go to term. This procedure was continued only up until the tenth day post-
injection. Litter sizes and sex ratios were determined at birth and at weaning all the 
F1 offspring were retained for subsequent testing. 
The presence of a translocation can usually be unequivocally established by the 
examination of meiotic chromosomes and since this is not a practical possibility with 
females, normally, only males are screened in translocation tests. In the present 
experiment it was decided to test females as well as males in the hope of detecting 
some of the more interesting types of translocations, e.g., X-autosome translocations 
or translocations that give rise to viable aneuploids. Both sexes were screened in a 
similar manner for translocation semi-sterility; those animals which produced 2 or 
more litters with an average litter size greater than 7  were considered normal. Suspect 
translocation heterozygote males were examined cytologically, females were allowed 
to produce further litters and their F 2 sons were then tested in the standard man-
ner. 
Meiotic preparations were made by the method of EVANS et al.16  and metaphase 
I cells were examined for evidence of a translocation. Spermatogonial mitoses were 
scored in males which did not possess any germ cells. Females which did not rear 
any offspring were killed and mitotic preparations were made of bone marrow, spleen 
and thymus using an air-drying method based on the procedure of FORD AND HAMER-
TON 21 . The presence of an extra long or ultra short chromosome in mitotic cells was 
taken as evidence of a rearrangement. 
RESULTS 
Preliminary tests 
5 doses of EMS, 6o, 120, 240, 360 and 480 mg/kg, were tested on 5  groups of 
6 males. The 3  lower doses did not produce any toxic effects in the treated animals 
and only the 240 mg/kg dose induced any obvious reduction in the numbers of em-
bryos and an increase in the number of deciduomata. By contrast the 2 highest doses 
proved to be too toxic; only r animal survived the 480 mg/kg treatment and did not 
breed and of the 5  survivors of the 360 mg/kg dose, all showed an extremely agitated 
and nervous behavior, this often being manifested by an aggressive behavior towards 
the females. The latter group did breed but their fertility was greatly reduced. They 
were tested again 42-48 days after treatment and appeared fully fertile. 360 mg/kg 
of EMS does not, therefore, cause an appreciable amount of spermatogonial killing 
for this would have resulted in aspermia during this period. On the basis of the 
results of the preliminary tests the 240 mg/kg dose was selected as being the most 
suitable for use in both the dominant lethal and translocation tests. 
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Dominant lethal experiment 
In order to condense the results they have been grouped into 8 post-injection 
periods on the basis of the degree of effect and germ cell stage treated (Table I). The 
TABLE I 
THE INDUCTION OF DOMINANT LETHALS BY 240 mg/kg EMS 
Days post- 
treatment 














1-3 8 7.25 1.13 9.25 0.87 0 
4-5 12 1.89 3.38 9.25 3.98 34 
6-7 6 - - 100 
8-1 19 1.67 1.78 9.22 5.77 53 
12-14 10 4.72 1.33 9.11 3.06 10 
15-21 29 6.31 1.10 9.52 2.11 0 
22-42 72 7.36 0.41 9.63 1.86 6 
43 54 7.86 0.56 8.64 0.22 0 
Control 228 7.63 0.35 9.77 1.79 4 
a Per fertile female. 












14 	20 	 32 




DEFINERS 	 DAYS AFTER TREATMENT 
Fig. i. The fertility of females mated to males given a single intra-peritoneal injection of 240 
mg/kg EMS. Except for days 6 and 7  the fertility has been assessed on the basis of the number 
of embryos per fertile mating; on days 6 and 7  no fertile matings were recorded and the fertility 
has been set at zero. The data have been grouped into 2-day intervals from day25 onwards. o----o, 
Control. •-•, EMS. 
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justification for this grouping may he assessed from Fig. i, which shows the effect of 
the chemical on fertility over the 7 week period of test. It can be seen (Table I) that 
by each criterion for dominant lethal induction, decjduornata counts, pre-implanta-
tion losses and completely sterile matings, the dominant lethal frequency increased 
rapidly over the first few days to a maximum on days 6-7 and then declined more 
slowly to reach the level of the control by day 18. Thereafter, there was little indica-
tion of dominant lethal induction and the fertility closely approximated that of the 
control (Fig. i). 
It can be concluded from the results that the epididvmal sperm and late sper -
matids (Fig. i) are the most sensitive postmeiotic germ cell stages to the induction 
of dominant lethal mutations by EMS and that the pre-meiotic germ cells were 
relatively insensitive to the chemical. Since there was no evidence of any loss in 
fertility during the 22 to 47 day period, it would seem the spermatocytes and spernia-
togonia are also insensitive to EMS-induced cell killing; an event which would have 
led to aspermia or oligospermia. 
The great reduction in fertility and the high incidence of sterile matings ob-
served in this experiment were not expected on the basis of the results of the pre-
liminary tests. A reexamination of the data indicated that the difference may have 
been due to the lower level of fertility of the females used in the main experiment; as 
shown in Table I, the litter size of the control group was 7.63; whereas that of the 
females used in the preliminary tests was 9.82. It is probably unnecessary to consider 
the possibility of a difference due to some variability in the treatment of the males. 
Translocalion tests 
In this experiment, as in the preliminary dominant lethal test, the 240 mg/kg 
dose did not cause complete sterility (luring the peak period of sensitivity to the 
chemical; a mean litter size of 2.5 was recorded during days 6 and 7.  Again, this 
difference from the main dominant lethal experiment is probably the consequence of 
the higher natural fertility of the females employed (control litter size, 9.8). 
The results of the translocation tests upon the 192 F1 offspring that were ob-
tained are shown in Table II. There can be little doubt that the chemical has induced 
TABLE II 
THE INDUCTION OF TRANSLOCATIONS IN F1 FEMALES AND MALES BY EMS 























I 7 0 9 0 0 0 0 	1 
2 9 2 5 0 0 0 14% 	7-90'0' 
3 21 3 (+1) 19 0 2 0 7.5-10%1 
4 20 1 30 3 3 7 16 %l 
5 [3 I (+ I) 17 2 I 3 T3-17%J 
6 4 2 3 0 2 2 57% 	0°' 7 3 2 4 0 I I 43% 
8 3 2 1 0 0 0 50%) 
9 5 I (+ I) 9 3 0 3 29-36 ° c 	28-38% 
10 4 (i) 7 2 I 3 27-36%) 
Total 89 14 (+4) 104 10 JO 19 17-19% 
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chromosome breakage; very high frequencies of translocat ions were detected and, 
moreover there was a clear tendency for the frequency to increase among the offspring 
conceived at later times after treatment of the fathers. Grouping the data in the same 
manner as in the dominant lethal experiments more clearly demonstrates this point 
and further indicates that the germ cell stages most sensitive to the induction of 
dominant lethals are also the most sensitive to the induction of translocations. It is, 
therefore, highly probable that chromosome breakage accounts for most of the domi-
nant lethals induced by the chemical as has been shown for triethylene melaminel2 
and X-ravs 5 . 
The data shown in Table II are summarized in their briefest possible form. Since 
many different types of changes occurred, some of more interest than others, it is 
necessary to provide more details and also account for the translocation frequencies 
shown. 
Sterile males. Day 3—neither of the 2 sterile males listed possessed any meiotic 
cells and no abnormal mitotic chromosomes could he distinguished. One other sterile 
male was detected in this group and an X-autosome translocation was identified in 
meiotic metaphase I cells (Fig. 2). Few, if any, post-meiotic cells were present. Since 
the X had not been treated the rearrangement was considered to he of a spontaneous 
origin and, therefore, it has not been included in Table II. No other members of the 





ii2. \ii 	- 	tiI1 	tranl,c1ti()I1 pre.tuIR(j to 1)& uf 1yt1O'uU. uiiIfl inciutic 1UtitI)1iLt Ii. 
Fig. 3.  A compound translocation (nieiotic metaphase 1). 
Day 4—one male did not possess any meiotic cells but an extra long mitotic 
chromosome was detected in spermatogonial mitoses; a second male possessed a 
translocation but post-meiotic cells were absent; time third animal possessed 2 inde-
pendent translocations. There is thus evidence of 4 translocations in the 3 animals. 
Day 5—the one sterile male lacked meiotic cells but an extra long and ultra 
small chromosome were seen in spermatogonial mitoses. At least i translocation must 
have been present. 
Day 6—of the 2 sterile males, one lacked meiotic cells and no abnormal mitotic 
chromosomes could be distinguished, the other showed a compound translocation 
configuration in meiotic metaphase I cells (Fig. 3).  Since no more than 17 bivalents 
were usually present, this animal was scored as possessing the equivalent of 2 trans- 
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locations although at least i insertional exchange which requires additional breaks 
had probably occurred. No sperm were present. 
Day 7—the one sterile niale possessed a single translocation. 
Day io—the one sterile male possessed a single translocation; sperm were not 
present. 
A high incidence of sperm-head abnormalities was noted in many of the sterile 
and semi-sterile animals. 
St mi-sterile females: Day 2—three semi-sterile females which did not rear any 
offspring were examined cytologically; all possessed only 39  chromosomes but no 
other distinguishable chromosome abnormality. They were presumed to be XO 
females and the combination of this chromosome constitution and the inbred back-
ground was considered to he adequate enough cause for the low-litter size. They 
could have been of spontaneous origin or induced by the treatment. 
Day 3—one of the 4  semi-sterile females produced fertile, semi-sterile and 
sterile sons. Cytological examination of the meiotic divisions of the semi-sterile 
sons demonstrated the presence of a large ring- or chain-of-four but no such con-
figuration was detected in the single sterile son. In 96 cells, 19 bivalents and an X and 
a 'V were regularly seen, the only unusual feature being the consistent absence of X–
'V association. Spermatids and spermatozoa were absent. It is possible that in addi-
tion to the autosomal translocation, a further rearrangement may have been indu-
ced, one which perhaps involves the 'pairing segment" of the X, however, in Table 
II only i translocation has been recorded. 
Day 4—one female produced sterile, rather than semi-sterile translocation-bea-
ring sons. Meiotic cells were present. 
Day 7—one of the 2 trans] ocation-bearing females produced sterile Sons and these 
were of 2 types. In one type meiosis tended to break down prior to metaphase I, 40 
chromosomes were present in spermatogonial metaphase cells and an extra long and 
an ultra short chromosome could be identified (Fig. 4).  In the other type, 20 biva-
lents and a small univalent were seen in all metaphase I cells (Fig. 5) and 41 chromo-
somes were regularly counted in spermatogonial mitoses. The extra chromosome 





1 i. .. A tr,tii.,I,catiun cauliig an t'xtra lung and an ultra short chromosome (spurmatogunial 
Initosis). 
Fig. 5. A partial trisomic product of the translocation shown in Fig. 4.  The small univalent is 
marked (meiotic metaphase I). 
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element of the T translocation. Like T. 11 and the translocations described by LYON 
AND MEREDITH 33, this rearrangement must tend to give rise to viable trisomics; 
the phenotype was indistinguishable from normal. 
Mu/ants 
The genotypes of the strains used in the translocation experiment were hardly 
suitable for detecting visible mutations since the majority of the animals were albino. 
Nevertheless, among the few non-albino animals a belly-spot mutant appeared. The 
mutant, a male, was conceived on day 2. Breeding tests indicated that the character 
was inherited as a dominant and that it does not show any interaction with recessive 
spotting. Neither parent carried the gene. 
A second aberrant animal, conceived on day 3, was also detected. This animal 
was a female and, when adult, exhibited a quivering, shaking behavior. The character-
istic was probably the reason for its bad mothering qualities; it consistently killed 
all its offspring at birth. The female was finally sacrificed shortly before clue to give 
birth to her fifth litter and the offspring were removed and fostered. At the present 
time it is not certain whether the character has been inherited by any of the offspring. 
DISCUSSION 
The results of the dominant lethal experiment are in general agreement with 
those of EHLING et al.15; the post-meiotic germ cell stages most sensitive to the induc-
tion of dominant lethal mutations by EMS are the epididynial sperm and the late 
sperniatids, later stages than those most sensitive to either trietliviene melamine, 
the mid_sperm atids1 or X-rays, the early spermatids 6 . In the rat, as in the mouse, 
the late sperniaticls appear to be the most sensitive post-meiotic germ cell stage to 
EMS, while the spermatocvtes and spermatogonia are also the least sensitive of all 
the germ cell stages'('. 
The results of the translocation tests showed that the dose of 240 mg/kg EMS 
induces high (r)°) frequencies of this kind of rearrangement among the offspring 
conceived within the fist 10 days after treatment of the fathers. The translocat ions 
detected represent viable eucentric exchanges, and hence, an equal number of in-
viable aneucentric exchanges should also have occurred. These together with single 
breaks and deletions may be expected to make up the major portion of the dominant 
letlials. If this is so, an increase in the dominant lethal frequency should be accom-
panied by an increase in the translocation frequency. In spite of the low numbers of 
animals tested dunn gthe 6—io day period, it is clear that this is true; EMS-induced 
dominant lethality, like that induced by TEM (ref. 12) and X-ravs 5 , is principally 
the consequence of chromosome breakage events. 
CATTANACH 12 has suggested that F 1 male sterility, like semi-sterility, may he a 
manifestation of chromosome breakage. Since then, it has been shown that certain 
translocations may cause semi-sterility in the female and sterility in the male 33,31,h1. 
In these cases it is established that the rearrangement is the cause of the sterility 
and it is therefore not unreasonable to consider that when a newly-arisen transloca-
tion is detected in a sterile male, the translocation may be responsible for the sterility. 
This should be true whether or not evidence of a rearrangement is obtained by the 
examination of meiotic metaphase I cells, or, when these cells are absent, by the 
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examination of spermatogonial mitoses. In the present experiment several lines of 
evidence support the concept that F, male sterility is the result of chromosomal 
rearrangements: (i) in only 3 out of the io sterile males was it not possible to detect a 
translocation. Since, in these animals, meiotic cells were absent, only mitotic cells 
could be examined. Conceivably, if mouse chromosomes could be more readily distin-
guished from each other, rearrangements would also have been found in these animals; 
(2) sterile translocation-bearing sons, lacking meiotic cells, were found among the 
progeny of a sernisterile F, female. In this case it is certain that the absence of meiotic 
cells in the male translocation heterozygotes must be due to the presence of the 
rearrangement; (3) equal numbers of sterile and semi-sterile males were produced 
by the EMS treatment, but female sterility was not encountered. However, when the 
incidence of semi-sterility among females and males was compared, it can be seen 
that the frequency is twice as high among the females (rç% cf. 9.7%); the deficiency 
of semi-sterile males can be made up by the inclusion of the sterile animals. Trans-
location tests which score only the semi-sterile F, males must, therefore, underestimate 
the true translocation frequency (see also AUERBACH'S' discussion of BATEMAN'5 8 
data). 
It is perhaps not without significance that near-equal frequencies of sterile and 
semi-sterile males have been detected in two experiments using chemical mutagens, 
i.e., in this experiment and in that with TEM (ref. 12). F, male sterility was also 
reported by FALCONER et al. 19 following treatment of males with nitrogen mustard 
at doses which induced only a low frequency of semi-sterility. These findings contrast 
with the results obtained with X-rays where the relative frequency of F, male steril-
ity42 or female-transmitted F. male sterility" was considerably lower. A relatively 
high incidence of X-ray-induced F, male sterility has however been reported by BATE-
MAN" but since F, female sterility was also encountered, it may have a quite different 
basis. It may be that chemical mutagens tend to break chromosomes in different 
regions and/or cause different types of rearrangements from those induced by X-rays. 
Perhaps at variance with any postulate of this kind is the fact that F, male sterility 
was not detected following treatment with methyl methanesulfonate 25, however, 
since the frequency of proven translocation heterozygotes was low the absence of 
sterile animals may not be too meaningful. 
In view of the fact that EMS has been shown to be inefficient in breaking 
Drosophila chromosomes at doses which induce high frequencies of sex-linked lethals 28 
our results with the mouse might suggest that there is a difference between the muta-
genic properties of the chemical in the two organisms. Unfortunately, it is not possible 
to make such a direct comparison at this time since it is not known what level of 
genic changes is being induced in the mouse with the doses that have been used. An 
indirect comparison can, however, be made by assessing the doses employed relative 
to those used with another mutagen. Thus, in the mouse experiments the 240 mg/kg 
dose of EMS is, on a molar basis, 1600 times as high as the 0.2 mg/kg dose of TEM 
which causes approximately the same order of chromosome breakage ' 2 . By contrast, 
the molar doses of EMS administered to Drosophila1218,28 have only been a few ioo 
times as great as those commonly used with TEM (for example see FAHMY AND 
FAHMY"). The difference between the Drosophila and mouse data may, therefore, 
simply be one of dose. 
As indicated above, the comparison of the EMS and TEM experiments1112 dem- 
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onstrates that at equimolar doses TEM is by far the more effective agent. This can 
be accounted for on the hypothesis that a multi-functional agent may more readily 
bind the strands of DNA by cross-linkage; mono-functional agents would only 
achieve this with such high degrees of akylation that each strand might be alkylated 
at nearly opposite pointsbo. The fact that high frequencies of translocations can be 
induced by EMS does, however, show that the chemical is effectively alkylating the 
DNA of the mouse chromosomes. It should, therefore, be as efficient in inducing gene 
mutations in the mouse as it is in other organisms. The fact that one or perhaps two 
mutants were found in the translocation experiment possibly indicates this may 
prove to be true. Experiments to test this further are in progress. 
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